Journal of the CERAMIC SOCIETY of Jopan, International Edition M99 %1151% F53%6/25H RAT(A 1E25H R47) ISSN 0912-9200

Journal of the CERAMIC SOCIETY of
Japan,
International Edition

Vol.929 Junel?9?1

19 Papers from Nippon Seramikkusu Kyokai Gakujutsu Ronbunshi, Vol. 99 No.6 1991

NIPPON SERAMIKKUSU KYOKAI GAKUJUTSU RONBUNSI




Journal of Ceramic Society of Japan, International Edition

Vol.99 No.6
June 1991

Editorial Board
Dr. Teruo Sakaino
Prof. Emeritus, Tokyo Institute of
Technology
Dr. Nobuyasu Mizutani
Prof., Tokyo Institute of Technol-

ogy
Dr. Yusuke Moriyoshi
Director, Nat. Inst. for Res. in In-
organic Materials
Dr. Kitao Takahara
Prof., Nagoya University
Yukio Endo
Chairman
Koyo-sha Co., Ltd.
Dr. Takashi Hanazawa
Executive Director,
The Ceramic Society of Japan
Seiji Iwata
Executive Director,
Japan Fine Ceramics Association
Keiji Hayashi
Managing Editor

Editors

Managing Editor ~ Keiji Hayashi

Associate Editors  Kristine Rosebeary

Art Director Prof.Yuji Isa

Assistant Artists ~ Toshimitsu Irie
Misao Tomita

Assistant Kiyoe Kojima
Circulation Youko Matsumoto
Publisher Keiji Hayashi

Published Monthly by

FUJI TECHNOLOGY PRESS LTD.
7F Daini Bunsei Bldg.

11-7, Toranomon 1-chome

Minato-ku, Tokyo 105, Japan
Tel:81-3-3508-0051
Fax:81-3-3592-0648

One year subscription

Air Mail ¥200,000
Copyright - © 1991 by
The Ceramic Society of Japan and Fuji
Technology Press Ltd.  All rights
reserved.

No part of this publication may be
reproduced, stored in a retrieval sys-
tem, or transmitted, in any form or by
any means, electronic, mechanical,
photo copying, recording, or otherwise,
without the prior written permission of
the publishers. The papers, excluding
those on information and communica-
tions, reviews, etc., were originally
received by Nippon Seramikkusu
Kyokai Gakujutsu Ronbunshi, and
translated for this journal. The respon-
sibility for the translation lies with the
publisher.

CONTENTS

Review:
o Crystal Chemistry of Copper-Based Oxide Superconductors
and Related Compounds . . . . . .. .............. .. 420/
-An Approach to Material Design- i
Takahiro Wada, Ataru Ichinose, Hisao Yamauchi and Shoji Tanaka /

Papers:
o Microstructure Development and Stacking Fault Annihilation
in B-SiC Powder Compact . . .. .................. 429
Won-Seon Seo, Chul-Hoon Pai, Kunihito Koumoto and Hiroaki Yanagida
o Residual Stress in Glass Layer Coated on Ceramic
Substrate , .. ::s v crmesmaipmasmeasmnssmid 434
Zuyi Zhang and Naohiro Soga
o Injection Molding of Highly-Purified Hydroxylapatite and TCP

Utilizing Solid Phase Reaction Method . . . .. ... ... ... 438
Yoshimitsu Kankawa, Yasunari Kaneko and Katsuyoshi Saitou
o A Screening-Diagram for Non-Destructive Inspection . . . . . 443

Koichi Kitakami, Yohtaro Matsuo and Shiushichi Kimura
o Characterization of Electrodeposited Gels on the Tungsten
Heater Coil . .. .. ....... .. . . ... ... ... ... ... 447
Toshiaki Arato, Toshiaki Narisawa, Nobuyuki Koganezawa,
Yoshihiko Nonaka and Kenji Tochigi
o Slow Crack Growth of Mullite Ceramics . . . . . ... ... .. 452
Yoshiaki Yamade, Yoshiaki Kawaguchi, Nobuo Takeda and Teruo Kishi
o A Microstructural Study of Mechanical Properties in SisNg
CeramiCs . .. ... ... . ... 458
Mikio Sugano, Tadaaki Satake, Hiroyuki Kisuki, Yuuji Fujimoto,
Hiraku Sato and Eiichi Suganuma
o Effect of Heating Rate on the Shrinkage of Isothermal
SINTEIING] o - - s ¢ 50 55 9 65 mw 5 xwp s mm s g om s e ey wn s 466
Yasuo Ikuma, Masaki Nakayama, Yuushi Harada and Takehiro Hiuga
o Measurement of Thermal Diffusivity of Pyroceram 9606
by the Laser Flash Method . . ... ................ 471
Hiromichi Ohta, Tatuyuki Tsukida, Yo Tomota, Hiroyuki Shibata,
Gaku Ogura and Yoshio Waseda
o Cyclic Fatigue Behavior of Pressure-less Sintered Silicon
Nitride in Rotating Bending Test . . . ... .......... .. 477
Toshio Ogasawara, Yoshio Akimune and Koji Yoneda
o Bending Strength and Microstructure of Commercial
Porcelains for Tablewares . . . . ... ... ... .......... 483
Yuichi Kobayashi, Osamu Ohira, Yasuo Ohashi and Etsuro Kato
o Structural Change in Plasma-Sprayed Alumina Coatings
by Laser Melting (Part 1): — On Continuous Wave Mode
Treatment—

Tetsuya Senda and Chiori Takahashi
o Preparation of ZrN Fine Powders from ZrO2 by Reduction
with Mg and Their Recovery . . ... ... ............ 496
Hidehiko Kobayashi, Miyuki Katou, Yoshihide Kamiyama and Takashi
Mitamura

W P M T T



Cover:

This picture shows a high-resolu-
tion structure image of zirconia (ZRO2)
projected along the a-axis of a cubic

lattice (a=5.1). As indicated by ar-
rowheads in the micrograph, both zir-
conium (Zr) and oxygen (O) atom
positions appear as strong and weak
dark dots, respectively. This is the first
electron microscope data in which in-
dividual oxygen positions in inorganic
compounds can be directly observed as
weak dark dots.

The microgram was obtained by the
ultra-high-resolution, high-voltage ele-
ctron microscope (Model:  H-1500)
developed in 1990 as NIRIM’s second
high-voltage electron microscope. The
device has the world’s highest resolu-
tion of 1.0A, which was achieved by
employing operating and applicable
voltages of 1300kV and 1500kV,
respectively. A very low spherical
aberration coefficient for the objective
(Cs=1.85mm at 1300kV) was realized
by computer-aided design of the
electron-magnetic lens system. This
new apparatus permits the imaging of
not only metal atoms but also light
atoms (such as oxygen) in many inor-
ganic materials by means of high-
resolution electron microscopy.

o Kinetics of Curing of Polycarbosilane Fiber by Oxidation
TreatMent . o oz aocov s 6w s 5 /@ a8 W 8¢ 6.8 6 8 a s s g s a
Toshio Shimoo, Masaki Sugimoto and Kiyohito Okamura

Notes:
o Growth of PZT Crystal by Using PbO-KF-PbCl; Flux . . . ..
Satoshi Fujii, Yosohiro Sugie, Yusuke Takahashi and Hiroshi Fujiwara
o Mechanical and Electrical Properties of Al203/SiC
Nano-Composites . . . .. ... ....... ... .........
Akihiro Sawaguchi, Kohji Toda and Koichi Niihara
o Preparation of BaTiOs3 Fims by CVD . . . .. .. ... ... ..
Hidenobu Nakazawa, Hisanori Yamane and Toshio Hirai
Ceramic letter:
o Preparation of Heat Resistant Microporous Ceramic
Membranes for Selective Gas Permeation . ... ... ... ..

Maorong Chai, Koshi Sekizawa, Masato Machida, Koichi Eguchi
and Hiromichi Arai

Information & Communications
o News C-54
o Abstracts of Articles on Ceramics from Selected Journal

of the Academic Societies




Papers, Letters and Notes

i& |
T
mmi" m" H it

deﬁ"" 7”~J,° i

» ot ol
‘ w""
J} ‘.Z‘. Yibas .un 1t :" ikt
..m I RTINS, i tt‘zi teteis "nhm 1

High resolution electron microscope photograph of the
modulation doped structure of Bi,Sr,CaCu,0, (T.=80K) in the
[100] direction. Figures at right side indicate number of copper
layers, symbol B indicates bismuth rich region.
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Crystal Chemistry of Copper-Based Oxide

Superconductors and Related Compounds
-An Approach to Material Design-

Takahiro Wada, Ataru Ichinose, Hisao Yamauchi and Shoji Tanaka

Superconductivity Research Laboratory, International Superconductivity Technology Center
10-13 Shinonome 1-Chome, Koto-ku, Tokyo, 135 Japan

The crystal structure of copper oxide superconductors
and their related compounds is described in terms of
three basic structural blocks. The main block is the
perovskite (ACuQ;,), and the others are the rock salt
block (AO) and the fluorite block (AO,). The perovskite
block has for types, full perovskite structure (ACuQ;)
and three types of oxygen deficient perovskite structure
of ACuQ,5, ACuO, and ACuO,,,. Ba,YCu;0q,; consists
of two types of perovskite blocks and the series of super-
conducting compounds such as La,Ca, ,Cu,0,,,, and
M, A,Ca,.Cu,0;3,,m.; (M=T1 or Bi and A=Ba or Sr) con-
sist of perovskite blocks and rock salt blocks. The copper
oxide series such as (Pb, Cu)A,(R,Ce),Cu,0,,.s and
Az(R,Ce),Cu30;,.4,, (R: rare earth element, A=Ba or Sr)
consist of perovskite blocks, rock salt blocks and fluorite
blocks.

The electroneutrality condition in the crystal was taken
into account. The characteristic charge for each struc-
tural block was calculated using an ionic model. In
La,CuO,, the perovskite block [La*Cu*(0?);] has a
negative charge and the rock salt block [La**0*] a posi-
tive charge. Therefore, the negative perovskite block is
considered to be a hole acceptor. On the other hand, in
Nd,CuO,, the oxygen deficient perovskite block
[Nd*Cu*(0%),] is positively charged and the fluorite
block [Nd*(0?%),] is negatively charged. Consequently,
the perovskite block readily accepts an electron. The
rock salt block usually has a positive charge and works
as a hole donor for the CuQ, planes in the perovskite
block. The fluorite block has usually a negative charge
and so works as a hole acceptor.

A variety of new layered copper oxides which may turn
into new high-T. superconductors can be designed by
employing the basic principles of the present block model
and taking into account the lattice constant matching and
the electroneutrality condition between the blocks. Thus
the block model provides a guiding principle for the
preparation of new layered copper compounds.
[Received December 20, 1990; Accepted February 20,
1991]

Key-words: Oxide superconductor, Crystal chemistry,
Material Design, Copper oxide, Crystal structure, Perovskite
structure, Rock salt structure, Fluorite structure

1. Introduction

Since the discovery of superconductivity in
(La,Ba),Cu0,,"” a number of copper-based oxide supercon-

ductors and their related compounds have been dis-
covered.” New types of copper oxide superconductors and
their related compounds have been constantly discovered in
recent years.” "> Meanwhile, various methods of classifica-
tion and compilation for these copper oxide superconductors
and their related compounds have been proposed from the
viewpoint of crystal structure.'®'*"®

Our proposal in this paper concerns the improvement and
further development of a conventional method for the clas-
sification and compilation of copper oxide superconductors
and their related compounds, based on the latest data and
knowledge on crystal chemistry. We believe the method
here proposed should provide a guiding principle for explor-
ing novel copper oxide superconductors.

2. Basic Structural Blocks Which Compose
Copper Oxide Superconductors and
Related Compounds

Copper oxide superconductors and their related com-
pounds can be composed of three types of basic structural
blocks, i.e. perovskite block (ACuO; ), rock salt block (AO)
and fluorite block (AO,). Here, A indicates an alkali earth
ion or arare earth ion, which has a larger ionic radius than
Cu”™ ion.

2.1. Perovskite Block

Figure 1 shows four types of the perovskite block which
appear in copper oxide superconductors. Figure 1(a) shows
a normal perovskite block without oxygen deficiency
(ACuO;). A typical copper oxide superconductor which
contains a block of this type as a unit cell is LaCuO;, which
can be synthesized under a high oxygen partial pressure.'”
We indicate this type perovskite block by a symbol of “P*
in our rule. Here, the plus sign (+) as a superscript of P
means that oxygen exists in the same plane to the A ion.
Among the two signs to the right and left of P, the left
indicates whether oxygen is deficient or not in the upper A
ion plane, and the right does the same in the lower A ion
plane. The symbol P’ here accordingly indicates that
oxygen exists in both upper and lower A ion planes.

- p+ [ACuOz3] - P [ACUO2 +p+ [ACUON)

+p+ [ACUOs]

@ (b) (c) (@)

Fig. 1. Four basic perovskite blocks. @: A atom, l: Cu atom,
O: oxygen atom.
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Figure 1(b) shows the oxygen-deficient perovskite block
ACuO,s, in which one among the six oxygen atoms coor-
dinated to a Cu is deficient. One oxygen atom is deficient
in the upper A ion plane above Cu in this perovskite struc-
ture, therefore, this oxygen-deficient perovskite block is
symbolized as P*.

Figure 1(c) shows an oxygen-deficient perovskite block
ACu0,, in which two among the six oxygens coordinated
to a Cu are deficient in both upper and lower A ion planes.
(CayeSry,1)CuO; is a typical compound which contains this
structural block as a unit cell.”™*” Oxygen is deficient in
both upper and lower A ion planes, therefore, this perovskite
block is symbolized as P~

Figure 1(d) shows the special perovskite block ACuO,.,.
This appears in the crystal structures of Ba,YCu;0g,, and
(Eu, Ba),(Eu, Ce),Cu;0s,,, and shows a characteristic be-
havior that oxygen moves in and out, depending on the
changes in temperature and oxygen partial pressure.
Oxygen is present in both upper and lower A ion planes,
therefore, this special perovskite block is symbolized as *P*.

2.2. Rock Salt Block

Figure 2(a) shows a unit of the rock salt structure (NaCl).
Both BaO and SrO are known as the oxide which takes the
rock salt structure. When the rock salt block composes a
part of copper oxide superconductors and their related com-
pounds, it becomes a unit which takes a half area of the
previous unit of rock salt structure, as shown by dotted lines
in the figure. There are three types of rock salt blocks
having different layer thickness, as single layer block (R),
double layer one (R?) and triple layer one (R’). They
respectively contain 1, 2 and 3 units of AO. These struc-
tures are shown in Fig.3.

The rock salt block always contains oxygen in the same
plane for the A ion, therefore, it should be symbolized as
“R"; but as a matter of abbreviation, the plus signs next to
R are usually omitted.

As Santro et al.'® pointed out, a rock salt block can be
coupled with a perovskite block ("P*) by commonly occupy-
ing a plane. Taking an example of La,CuO,, which is a
compound composed of a rock salt block and a perovskite
block, we show the coupling of these two different blocks
in Fig.4(a). According to the method for the compilation
of crystal structure using these basic structural blocks, each
element in a compound, if its chemical formula is given, can
be divided and assigned to the respective structural blocks.
La,CuQ,, for instance, can be divided and assigned to a
perovskite block (‘P*[LaCuQs]) and a rock salt block
(R[LaO]).

ROCK SALT STRUCTURE FLUORITE STRUCTURE

R[AO) F [AO2]

Fig. 2. Relations between the rock-salt block and the unit cell of
rock-salt-type structure and those between the fluorite block and the
unit cell of fluorite-type structure. @: A atom, O: oxygen atom.
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2.3. Fluorite Block

Figure 2(b) shows a unit of the fluorite structure (CaF,).
CeO, is known as an oxide taking the fluorite structure. The
fluorite block, shown by dotted lines in the figure, is a unit
which takes a half area of a unit cell of fluorite structure, in
a manner similar to the case of the rock salt, block. In the
case of the fluorite block, as in the case of the rock salt block
(which composes copper oxide superconductors and their
related compounds), single layer block (F) and double layer
block (F?) respectively containing 1 and 2 units of AO, are
known to exist. However, a triple layer fluorite block )
has not been identified yet.

In the fluorite block, oxygen does not always exist in the
same plane to A ion, thereby, minus superscripts are usually
omitted from F and F°. These fluorite blocks can be coupled
with *P” or P” perovskite block by commonly occupying an
A ion plane where no oxygen exists. This coupling between
different blocks is shown in Fig.4(b) in the case of Nd,CuO,,
for example, which is a compound composed of a fluorite
block and an oxygen-deficient perovskite block. Nd,CuO,
can be divided and assigned to a perovskite block (P
[NdCuO,]) and a fluorite block (F[NdO,]).

3. Classification of Copper Oxide
Superconductors and Related
Compounds, in Terms of the Basic
Structural Blocks

Based on the concept of the afore-mentioned basic struc-
tural blocks, we compiled the major copper oxide supercon-

i W
o
s Y
0"

e

R[AO] R*[2A0] R’[3A0]

il

F[AOZ] F?[2A02)

Fig. 3. Structures of various rock-salt blocks and fluorite blocks.
®: Aatom, O: oxygen atom.

w } R [LaO]

e~ i
=

i
P

(a) (b)
Fig. 4. Matching of the rock-salt and the perovskite blocks in the
La;CuOs structure (a) and that of the fluorite and the perovskite
blocks in the NdCuOs structure (b). @: A atom, l: Cu atom, O:
oxygen atom.

]*"” [LaCu0s] } - P [NdCuOz)
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ductors and their related compounds, including the recently
discovered ones. They are listed in Tables 1 and 2. Table
1 concerns the group of compounds which are derived from
the couplings between the perovskite block (‘P*, P*, P or
*p") and the rock salt block (R, R? or R*). Table 2 concerns
the group of compounds which contain the fluorite block (F
or F). (Those shown at the left end are the basic com-
pounds before being coupled with the fluorite blocks.)

The copper oxides compiled in Table 1 are composed of
the perovskite block and the rock salt block, and are basi-
cally classified into two series. One is a series of com-
pounds in which the number of the perovskite block is fixed,

Journal of the Ceramic Society of Japan, Int. Edition
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while the number of rock salt block to make coupling with
the perovskite block varies (in such manner as to build up
the multi-layer structure) as shown in the series of
LaCuO;['P']—La,CuO,['P*-R]>TIBa,CuO;s[‘P*-R*]—
T1,Ba,CuO4[‘P*-R.

Figure 5 shows the crystal structures of various com-
pounds which belong to this series. It is observed in this
figure that LaCuO; (which does not contain the rock salt
block) and TIB,CuOs (which contains the double layer rock
salt block) are respectively constructed in a full unit cell,
while La,CuO, and T1,Ba,CuO¢ (which respectively contain
the single layer rock salt block and the triple layer one) are

Table 1. List of copper oxide superconductors and their related compounds which consist of either perovskite blocks or perovskite blocks and

rock-salt blocks. The underlined compounds are non-superconductors or parent materials for superconductors.

[x1 [X-R] [X-RZ2] [X-R=]
[-P~] (*P--R] [~P--RZ] [-P--R2]
LaCuOa (La,Sr)=Cula T1(Sr,La)2Cu0s TlzBa=Cule
(Pb,Cu) (Sr,La)2Cu0s
[*P~--P--R] [-P---P~-RZ] [*P--~P~-R®]
(La,Sr)zCaCuz0e (T1,Pb)SrzCaiCu=z0+ T1zBa=zCaiCuz0s
(Pb,Cu)Srz(Y,Ca)Cuz0+ BizSr=CaiCuz0s

[*P==p-~-P=-Ra]
(T1,Pb)Sr=Ca=Cus0s

[*P=—-P===p==Ra]
T1z2BazCa=Cus0i0

[*P*-R-"P~-R]
(PbzCu) (Sr,La)=Cula

[-p-

BazYCusOe.= (Pb=Cu

-R-*P--R-"P-]

)Sr2(Y,Ca)Cu=z0s-x

Table 2. List of copper oxide superconductors and their related compounds which contain fluorite blocks. The compounds at left side are basic
compounds without fluorite block. The underlined compounds are non-superconductors or parent materials for superconductors.

[Y] [Y-F] [Y-F=]
[=p-] [-P--F]
(Sr,Ca)Cu0z (Nd,Ce) 2Cu0.
[=P#=<B*=2pPr] [PA=3 RS P==F] [FR==*Pr=*P==fpF]
BazYCusOe.x (Eu,Ba)z(Eu,Ce)2Cusla.= Srz(Ho,Ce)sCus0i0.5
[-P~-R-*P-] [-P~-R-*P~-F]
(La,Sr)=zCaCu=0a (La,Sr)GdCu0«
[-P~-R=-~P-] [-P~-R=-~P~-F] [-P~-R=-~P--F=]
T1Ba2CaCu=0~ T1(Ba,T1)zProCuz0p T1,Cu)Srz(Ho,Ce) aCuz0.

(Pb,Cu)Sra(Y,Ca)Cuz0+

[-P~-R=--P-]
T1lzBa=CaCuz0s
Bi=zSr2CaCu=0e

[-P*-R--P*-R-*P~]
(PbzCu)Sr=(Y,Ca)Cu=z0a-x

(Pb,Cu) (Sr,Eu)=z(Eu,Ce)2Cuz0s (Pb,Cu)Srz(Ho,Ce)sCuz0;;

[-P--R*-~P--F]
T1zBaz(Eu,Ce)2Cuz0;0
Bi=Srz(Eu,Ce)=Cuz010

[-P--R-"P*-R-"P~-F]

Pb2Cu)Sr2(Eu,Ce)2Cuz030-
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constructed in a half of the unit cell. Consequently, we can
assume that both unit cells of LaCuO; and TIBa,CuOs are
plain lattices (P), but both unit cells of La,CuO, and
T1,Ba,CuOs, which respectively contain the single layer
- rock salt block and the triple layer one, are body-centered
lattices (I).

The other is the series of compounds in which the number
of the rock salt block is fixed, while the number of the
perovskite block varies, as typically shown in the series of
TiBa,Ca, ;Cu,0,,,;. When the number of the double layer
rock salt block contained is fixed, this series of compounds
changes in such manner as: TIBa,CuOs[ 'P*-R’
%] TiBa,CaCu,0;[ P P*-R*™"**™% Ca, CusOp P - P-P*-
R?]-TIBa,CaMV3Cu,0,,['P-A-P-P-P"-R’]. Figure 6
shows the crystal structures of these copper oxides in the
order of increasing content of perovskite blocks. The
respective series of Tl,Ba,Ca, Cu,0V2n+4 and Bi,Sr,Ca,.

LaCuOs LazCu0s TiBazCuOs TizBa2Cu0s

Fig. 5. Crystal structures of the series copper oxides which con-
sist of a perovskite block and various rock-salt blocks.

TIBa:Cu0s TiBazCaCuz07 TiBazCazCu3ls TIBazCasCusOn

Fig. 6. Crystal structures of the TIBa;Ca,.1CunOz,+3 series com-
pounds which consist of a double rock-salt block and various
perovskite blocks.

© sr,Ba,Ln
@® Ln,Ce

* Cu

©c 0

Ba:LnCusOs.z (Ln,Ba)z(Ln,Ce)2Cu30s.z  Srz(kn,Ce)3CuiOio.z

Fig. 7. Crystal structures of (Ba, Sr, Ln)x(R, Ce),CusOnuas: (R:
rare earth element) series compounds which consist of perovskite
blocks and various fluorite blocks.
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1Cu,0V2n+4, which contain the triple layer rock salt block,
are also well-known as the series of compounds of similar
kind.

Table 2 shows a compiled list of various series of
fluorite block-containing copper oxide superconductors
and their related compounds. In these series, the number
of fluorite block varies in such manner, for instance, as:
Ba,YCu;04,,[ P*-"P*-"P']—(Ba,Eu)»(Eu,Ce),Cu;04,,[ P*-P'-
P-Fl-Sr;(Ho, Ce);Cus0y.,[P*-B*-'P-F’]. Figure 7
shows the crystal structures of these compounds. It is ob-
served in this figure that (Ba, Eu),(Eu, Ce),Cu;0s,,, which
contains the single layer fluorite block, is constructed in half
of the unit cell, and the unit cell of this compound is a
body-centered lattice.  The series of (M, Cu)Sr,(Ho,
Ce),Cuy0,,,5 (M=TI, Pb) is also well-known to be similar
to the series mentioned above.'*"”

There are other types of copper oxide superconductors
which contain the double CuO chains, such as Ba,YCu,Og
and Ba,Y,Cu;0,4,,. They are not included in Tables 1 and
2. The crystal structures of Ba,YCu,O; (T.=80K) and
Ba,YCu;0; (T.=90K) are compared in Fig.8. It is seen that
Ba,YCu;0; which contains the single CuO chain is con-
structed in a full unit cell, but Ba,YCu,Oys is in half of the
unit cell. Santro et al.'® assumed that the double CuO chains
(Cu,0,) contained in the crystal structure of Ba,YCu,Og
took the shear structure, which is observed in the crystal
structures of V,0,,, and Ti,0,,,. We assume from the il-
lustrations in Fig.9 that the double Cu,0, chain was formed
by the coupling of two *P* BaCuO, blocks, during which a
(BaO) plane was lost and a (CuO) lane slid slightly (by 1/2
in the axis direction).

Pb;Sr;Cu;04,,Cl, recently discovered by Cava et al.,? is
a layered copper compound (oxychloride) having a special
crystal structure, which was not included in either Table 1
or Table 2. The crystal structure of this compound is shown
in Fig.10. We can assume that the crystal structure of this
chlorine-containing copper compound was formed as the
combined structure of (Pb,Cu)Sry(Y, Ca)Cu,0s,,, wWhich is
an 80K class superconductor, and a cell of cesium chloride

© Ba
« Cu

BazYCusOs BazYCus07

Fig. 8. Crystal structures of Ba,YCusOs and Ba,YCu30».

- (Ba0)
e
Crystallographic Shear

[BaCuz03]

+p+ [BaCuOz] — +Pp+ [BaCuOz)

Fig. 9. Structural relationship between single CuO chain and
double Cu;0; chain. @: Ba atom, M: Cu atom, O: oxygen atom.
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(CsCl) type. We expressed this cesium chloride block as
C[AX], and showed its crystal structure in Fig.11. In the
case of this cesium chloride block, oxygen is not present in
the same plane to A ions, as in the case of the fluorite block,
therefore, we simply use C without minus superscripts. By
introducing this new block of cesium chloride C, we can
express Pb;Sr;Cu;04,,Cl in modified form as C(Pb, Sr)Cl-
P'(Pb, Sr)CuO,sR(Pb, Sr)O-P'PbCuO,.,- PO 0, 5
This indicates that the cesium chloride block (C block) can
make coupling with the perovskite blocks of *P" and P and
the fluorite block F by commonly occupying an A ion plane
which did not exist with oxygen. As far as our limited
understanding at present is concemned, this cesium chloride
block is assumed to be involved only in compounds which
contain halogen elements like chlorine.

4. Valencies of Individual Blocks Contained
in Copper Oxide Superconductors and
Related Compounds

When we intend to introduce carriers into a perovskite
block (CuO, plane), or to work out the actual crystal struc-
ture of perovskite compounds, it is very useful to regard the
blocks (composed of copper oxide superconductors and
their related compounds) as ions, and based on this, to take
account of the signs and valencies of these blocks (ions).
On one hand, there are some complex perovskite com-
pounds (like Sr,,;Ti, O, (n=1, 2, 3)) which are known to
be composed of the perovskite and rock salt blocks.” How-
ever, the rock salt block[SrO] and the perovskite block
[SrTiOs] composing these compounds are neutral blocks
without electric charge. On the other hand, the blocks
which compose the layered copper oxides we have dis-
cussed have a positive or negative electric charge depending
on the kind of component element and oxygen content, and
can be regarded as equivalent to ions. This should be the
feature of these blocks. We assume that this feature is at-
tributed to the variable valences of Cu ion, which can be
not only plus 2, but also easily be plus 1 or plus 3, depending

o
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on the surroundings. (Here, we regard that an oxygen ion
takes a fixed valency of minus 2.)

Following is the procedure for determination of the
valence of respective blocks, based on the assumption that
each block is equivalent to an ion. We assume in our cal-
culation of the valency of each block (ion) that the compos-
ing elements of the block exist as ions. We deem that Cu
in any perovskite block ('P*, “P" and 'P") which has a CuO,
plane normally has plus 2 valencies, and that oxygen (0)
always has minus 2 valencies. Based on these assumptions,
we calculated the valency of individual blocks (ions), which
we chose as the representative compounds among those
listed in Table 1 and 2, obtaining the results shown in Table
3.

4.1. Perovskite Blocks

As seen in Table 3, there are three types of perovskite
blocks (ions) in terms of electric charge—namely plus, minus
and neutral.

A basic compound La,CuO, in the p-type superconductor
(La, Sr),CuO; is composed of a rock salt block R[LaO] and
a perovskite block "P*[LaCuQs]. Since each composing ele-
ment in the block was assumed to exist as an ion, the rock
salt block R[La** 0] is calculated as having plus 1 valency
and the perovskite block "P*[La*Cu®(0*™] is calculated
as having minus 1 valency. It is generally accepted that
electric charge in a crystal tends to change in such manner
as to make the electrostatic localization minimum, therefore
we can understand that the perovskite block "P*[{LaCu0;}]
accepts a hole when part of La™ in this block is substituted
with Sr.”* In addition, we assume from the viewpoint of
crystal structure that the oxygen atoms shift from the
perovskite block toward the rock salt block so that the
electrostatic partialization between these two blocks is eased
as much as possible. This oxygen shift implies that 6
oxygens coordinated at the octohedral sites of a Cu in
La,CuO, move toward both upper and lower directions.”

A basic compound Nd,CuO in the n-type superconduc-
tor (Nd, Ce),CuO; is composed of a fluorite block F[NdO,]
and an oxygen-deficient perovskite block P [NdCuO,].
Then, the fluorite block FINd**(0%),] is calculated as having

2
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2 .0'!
’ KA
L —O— o Pb,Cu
o Pb o ° i S sr
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S sr = O=g @ R,Ce
ClAX] o )
@ Pb, sr I . o
« Cu .g‘ o 0
) -
5 @ O (partially deficient) o~
L —

(Pb2Cu)Sr2(Pb,Sr)2Cu20s.:Cl

Fig. 10

(Pb,Cu)Sr2(R,Ce)sCu2013

Fig. 11 Fig. 12

Fig. 10. Crystal structure of a layered copper oxychloride, Pb3SrsCu3Os..Cl.
Fig. 11. Structure of cesium chloride block, C(AX). @: A atom, O: halogen atom.
Fig. 12. Crystal structure of a plausible layered copper oxide, (Pb, Cu)Sr2(R, Ce)sCu;0;3 (R: rare earth element).
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Table 3. Charges of different blocks found in the typical copper-oxide superconductors and their related compounds.

LaCu0Os *P~[{LaCu0s}-1

LazCuO«

*P-[{LaCu0s}-] - R[{La0}"]

T1(Sra, zLa1,2)2Cu0s *P*[{(Sri,zLai,2)Culs}3/2"] -
R2[2{(T1l1,25ra,aLa1,4)0}3/%~]

T12Ba=Cule *P~[{BaCu0s}*-] - R®[2{(Bai, 2T1l1,2)0}*/2~+{T10}~]

T1zBazCule *P~[{BaCu0s}#~] - R®[2{(Bai,2T1l1,=2)0}>/2~+{T10}"]

T12Ba=CaiCuz0s “P-[{(Bai,zCa1,2)Cu0z.5}"1 - R®[2{(Ba1,2Tl1,2)0}*72~+{T10}"] -
*P-[{(Bai,2Ca1,2)Culz.5}"1

T1=BazCazCuslio “P-[{CaCu0z}] - ~P~[{(Bai,2Cai,z)Culz.s}"1 -
R2[2{(Bai,2T1l1,2)0}*/2-+{T10}*] - *P-[{(Bai,2Ca1,2)Culz.5}"]

T1zBazCasCua0io ~“P-[{CaCu0z}] - -P-[{CaCu0z}] - ~P-[{(Bai,zCai,z)Culz.s}"] -
R®[2{(Ba1,2Tl1,2)0}*/2-+{T10}*] - *P-[{(Ba1,2Ca1,2)Culz.s}"]

Ba=YCusOe-x “P~[{(Bai,2Y1,2)Cula.5}*7*"] - ~P-[{BaCu0i.z}>*"2%] -

*P~[{(Bai,/2Y1,2)Culz_s}*72"]

(Euz,sBai/s)2(Eus sCez/s) 2CusOa.x

F[{(Euz,sCe1,s)02}2/"] - ~P*[{(Eua,zCes eBa1,s)Cu0z.5}*/°"] -

“B*[{(Eux,sBaz,s)Cu0s.z}¢7/3-22>+] - “P-[{(Eua zCe1 eBaa, s)Culz.5}*7°"]

Srz(Hoa,sCez/s)sCus010+=

F2[2{(HO1,sCe2,5)02}*72"] - ~P~[{(HO1,eCe1,3Sr1,2)Cul=z.5}*7"] -
*P*[{SrCu0i.z}¢2-22>~] - <~P-[{(HO1,eCe1,s5r1,2)Culz.5}*7°"]

minus 1 valency, and the perovskite block PNd*Cu*(0*
)2] is calculated as to have plus 1 valency. Since this
perovskite block (ion) has a positive charge in contrast to a
negative charge in the perovskite block La,CuQO,, we can
understand that it tends to accept an electron.

The  oxygen-deficient perovskite block  (ion)
"P'[ACuO,,,], which block composed of Ba,YCu;Os,, su-
perconductor and has no CuO, plane, has various electric
charges depending on the oxygen content (1+z). When A
ion is a 2 valency cation like Ba, this perovskite block (ion)
has positive charges in the oxygen content (1+z) range of
less than 2, and has negative charges in the range of more
than 2. Therefore, in order for this perovskite block “P* to
couple with a CuO, plane-containing perovskite block and
donate a hole, the oxygen content (1+z) must be less than
2. Concerning the role of the oxygen-deficient perovskite
block (ion) "P*[ACuO,,,] in the Ba,YCu;0s,, superconduc-
tor, Tokura et al. presented an interesting report.w

4.2. Rock Salt Blocks

As seen in Table 3, the rock salt block (ion) takes a
positive charge. Therefore, when a rock salt block is
coupled with a perovskite block, we can usually expect
holes to be introduced into the perovskite block.

The reason why the rock salt block (ion) takes a positive
charge is that, although this block is basically expressed by
AO, which is composed of a cation A with plus 2 valencies
and an anion 0 with minus 2 valencies, a cation with plus 3
valencies (like a rare earth element ion) is usually contained
in the form of solid solution at the site of Cation A with plus
2 valencies. Accordingly, if we can arrange for a cation
with plus 1 valency like alkali metal element to be contained
in the form of solid solution at the site of cation A in the
rock salt block, we could presumably obtain a rock salt
block with a negative charge.

4.3. Fluorite Blocks

As also seen in Table 3, the fluorite block (ion) takes a
negative charge. Therefore, when a fluorite block is
coupled with a perovskite block, we can ordinarily expect
that an electron is donated from the fluorite block to the
perovskite block. The superconductors of the (Eu, Ba),(Eu,
Ce),Cu;0s., type have the coupled structure of p-type super-
conductor Ba,YCu;0¢,,(T.~90K) and single layer fluorite
block, and show T, of around 40K at best even after heat-
treatment under high oxygen gas pressure.*® Meanwhile,
the superconductors of the Bi,Sry(Eu, Ce),Cu,0,0(*2222”)
type and those of the (Pb, Cu)Sr,(Eu, Ce),Cu,Oy(*“1222”)
type are respectively composed by the coupling of B-
1,S1,CaCu,04(T~80K) and (Pb, Cu)Sry(Y,
Ca)Cu,04(T~60K) with a single layer fluorite block, and
both show T, as low as 20 to 30K.*'" Neither the T1 based
layered copper oxide which contains a single-layer fluorite
block nor the oxide which contains a double-layer fluorite
block show superconductivity.”®'"

The reason why these copper oxide superconductors
showed decreased T.’s when they were coupled with the
fluorite block, as afore-mentioned, is attributed to the
decrease of holes in the perovskite block (CuO, plane),
which was caused by the coupling of the perovskite block
with the negative-charged fluorite block F[{(Ce, Eu)Oz}s'].
In other expression, the holes in the CuO, plane shift their
positions to some extent toward the fluorite block in order
to keep the balance of electrostatic charge. We therefore
think that the layered copper oxides which contain the
fluorite block are not suitable materials for the preparation
of high-T. p-type copper oxide superconductors. On the
contrary, we think the fluorite blocks are useful for the
preparation of n-type superconductors like (Nd, Ce),CuQ,.

The reason why the fluorite block (ion) takes a negative
charge, as above mentioned, is that although this block is
basically expressed by AO, (composed of a cation A with
plus 4 valencies and two anions 0 with minus 2 valencies
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each) a cation with plus 3 valencies like rare earth elements
is usually contained in the form of solid solution at the site
of this 4-valency cation. Accordingly, if we can arrange for
a cation with plus 5 valencies to be contained in the form
of solid solution at the site of cation A in the fluorite block,
we could presumably obtain a fluorite block with a positive
charge.

5. Material Design of Layered Copper
Oxides Having Novel Structures

According to the procedure proposed in this report, in
which the individual structural blocks are deemed as the
secondary unit cells and their valencies are summed up, we
can easily derive compounds which have novel crystal struc-
tures. In our “‘material design” of layered copper oxides by
using these blocks, we combine the basic principle for the
block construction and the conventionally available
knowledge of crystal chemistry.

5.1. Fundamental Requisite

The restricting condition of primary importance in the
“material design” comes from the ordinary principle that
the blocks can be coupled with each other only when the
two blocks involved commonly possess either A ion plane
with oxygen in it or an A ion plane without oxygen in it. In
other words, if we explain by taking the plus and minus
superscripts of block symbols such as P, R and F, we imply
that any two blocks involved can be coupled with each other
only between points on the respective blocks, where both
are given with plus (+) or minus(-) signs in common. Con-
sequently, we can couple the blocks between a plus position
and a plus position or between a minus position and a minus
position in as long a series as we want (for example P*-R-
P"-F), but we cannot couple them between a plus position
and a minus position (such as “P*-F, or "P-R).

5.2. Matching of Lattice Constants Between Blocks

The second condition for the coupling of blocks is the
matching of lengths of axes in a tetragonal lattice, when this
lattice is assumed as the basic cell. That is, when the lengths
of a side (equivalent to the length of axis a) of the plane
common to the two blocks involved (this plane is basically
assumed to be square) are close each other, these two blocks
are easier to couple, but when they are largely different,
these two blocks are difficult to couple.

Basic blocks in the copper oxide superconductors are the
perovskite blocks such as ‘P* and P. LaCu;0, which is a
copper oxide compound having *P* block as a unit cell, has
the a axis of 3.819A (the c axis is 3.973A)."” Meanwhile,
(Cay9Sr1y,1)Cu0,, which is a compound having P block as a
unit cell, has the axis a with a length of 3.861A (the axis ¢
is 3.201A).% It is worthwhile to note that the lengths of the
axis a in these two compounds are respectively close to
3.9A, which is twice the distance between Cu and O in CuO
(in which Cu is bonded with the 4 coordinated Os in a
square plane).””

If the rock salt block or the fluorite block can be coupled
with one of these perovskite blocks, the length of its a axis
must be close to 3.8A to 3.9A. BaO and SrO are compounds
which respectively consist of a unit cell of the rock salt
block. Both of them belong to the cubic system, and they
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have lattice constants of 5.539A and 5.160A respectively.
Using these data we calculated the respective lengths of a
axis of the rock salt blocks BaO and SrO, obtaining 3.92
(=5.539/2)A and 3.65(5.160/2)A. These values are fairly
close to the length of a axis of the perovskite block, so we
can understand that both of them are highly likely to be
coupled with the perovskite blocks. CaO and MaO also
take the crystal structure of the rock salt type. If they are
supposed to have formed the rock salt blocks, the respective
lengths of axis a are calculated as 3.4A and 3.0A, which
widely differ from the 3.8A to 3.9A of the perovskite blocks.
Thereby, we can predict the difficult coupling of CaO and
MaO with the perovskite blocks.

CeO, is the compound which consists of a unit cell of
the fluorite block. Rare earth oxides of three-two type R,0;
(R is rare earth element like Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb and Lu) take the anion-deficient lattice of
fluorite type, which is commonly known as C type.”” We
calculated the lengths of a axis of the fluorite blocks of these
compounds from their lattice constants, obtaining 3.83A for
CeO, and 3.75A for Y,0s. Both values are found to be
relatively close to the length of a axis of the perovskite
blocks, thereby, we can predict that these fluorite blocks of
CeO, and Y,0; are easily coupled with the perovskite
blocks. It was recently reported26) that YBa,Cu;0; was
epitaxially grown on Y,0; single crystals. This experiment
was supported by the matching of lattice length between the
blocks, as described above.

5.3. Electrostatic Conformity Between the Blocks

The third condition for the coupling of blocks is the
electrostatic conformity between the blocks involved.
When we examined the electrostatic connection between the
blocks in the compounds listed in Table 3, we confirmed the
existence of common characteristics among them.

5.3.1. Coupling Between Blocks of the Same Type

The coupling between two blocks of the same type can
be made only on condition that these two blocks respective-
ly possess electric charge of the same sign, or that one of
them is electrically neutral. In the case of coupling between
two perovskite blocks which respectively contain a CuO,
plane, three kinds of block combinations in term of electric
charge are found. First is the combination of perovskite
blocks, both of which possess negative charge (‘P
[{BaysYosCuO,;s }0'57]'.1)*[ { Bao.smo.scuoz.slo's-])q as  ob-
served in the case of the compound Ba,YCu;0s,,. Second
is the combination of blocks, one possessing negative charge
and the other being neutral (‘P[{BaysCaosCuO,s}]-P
[{CaCuO,}]), as observed in the case of the compound
TI2Ba,Ca;Cu40,0. Third is the combination of blocks, both
of which are neutral (P'[{CaCuO,}]-P[{CaCuO,}]). The
combination of two perovskite blocks, one possessing posi-
tive charge and the other negative charge, has not been
identified at this time. Namely, the compound (Pb,
Cu)Su,(Y, Ca),Cu30y [“1223”’compound of Pb system] has
not been synthesized yet, although this compound is sup-
posed to exist by taking the same crystal structure as (T1,
Pb)Sr,Ca,Cu;0, “T1-1223” compound already synthesized.
We assume this “Pb-1223” compound of will include cou-
plings between negative charged perovskite block (‘P) and
positive-charged perovskite block, as *P[{(Sr, Y, Ca)
Cu0,5)*1-P{(Ca, Y)CuO,}™)-P'[{(Sr, Y, Ca)CuOys)].
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5.3.2. Coupling Between Rock Salt Block and Perovskite
Block
The rock salt blocks are normally charged positively,
thereby, they couple with the negative-charged perovskite
blocks.

5.3.3. Coupling Between Fluorite Block and Perovskite
Block

The fluorite blocks are normally charged negatively, so
they can couple with the positive-charged perovskite blocks
(PT{NdCu0,}"], for instance), but not so often. Instead,
they mostly couple with the negative-charged perovskite
blocks.

Lastly, we present material design of a novel layered
copper compound (PbgsCuys)Sro(Ho,4Cess)scu,0,3, which
contained the triple layer fluorite blocks. This compound
was a modification of the layered copper compound
(PbysCuqs5)Sry(Hoy;3Ce,3);Cu,0y;, synthesized by us and
containing the double layer fluorite blocks. This compound
satisfies all of the required rules of thumb for material
design outlined in this paper, therefore we think this material
can be synthesized. Figure 12 shows the crystal structure
of this compound.

6. Conclusion

1) Crystal structures of copper oxide superconductors and
their related compounds are usually composed of three
types of structural blocks, namely, the perovskite blocks
(ACuO,?%, the rock salt blocks (AO) and the fluorite
blocks(AO,).

2) Based on the concept of these basic structural blocks, we
classified and compiled the major copper oxide super-
conductors and their related compounds which were al-
ready known, and proved that there existed two
compound series. One was the layered copper oxide
series derived from the combination of the perovskite
blocks and the rock salt blocks, and the other was the
layered copper oxide series composed of the perovskite,
rock salt and fluorite blocks.

3) Double Cu,0, chains is observed in Ba,YCu,Og and
Ba,Y,Cu;0,4, can be understood as equivalent to the
shear structure observed in V.0, or Ti,O..
Meanwhile, we proved the existence of the cesium
chloride block, which was the characteristic block in
halogen element-content compounds like
Pb;Sr;Cu;0s,,CL

4) By deeming the blocks which composed the copper oxide
superconductors and their related compounds as ions, we
examined the electric charge possessed by the various
blocks (ions). We proved through this examination that
the rock salt blocks generally possess positive charge,
thereby acting as hole donators to the perovskite blocks,
and that the fluorite blocks possess negative charge,
thereby acting as hole acceptors (electron donators) to
the perovskite blocks.

5) By deeming the individual structural blocks as subunit
cells and by piling them up, we can derive novel crystal
structures. For the “material design” of novel layered
copper oxides, not only the basic principle for block cou-
pling, but also the matching of the lattice constants be-
tween the blocks involved and the electrostatic
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conformity (electroneutrality condition) between the
blocks (ions) involved are important.
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Microstructure Development and Stacking Fault
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Beta-SiC specimens possessing 13% stacking fault den-
sity were annealed at various temperatures for various
time periods in an Ar or a N, atmosphere; changes in
microstructure and the annihilation of stacking faults
were investigated. Stacking fault annihilation was found
to occur parallel with the grain growth which is sup-
posedly controlled by surface diffusion and/or vapor
transport. Lattice strain enhanced by the incorporation
of nitrogen into the SiC lattice was considered to be the
most important factor in suppressing the mass transport
rate.
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1. Introduction

Silicon carbide is highly valued as an attractive material
for its good electrical and mechanical properties. Silicon
carbide exists in many polytypic forms, all based on various
stacking sequences of the close-packed planes of covalently
bonded tetrahedra (either SiC, or CSi,). The only cubic
polytype with the zinc blend structure is 3C,"” in which the
stacking of the planer units of Si and C in tetrahedral coor-
dination is depicted as AbBcCaAbBcCa.... in the <111>
direction. The other polytypes have either hexagonal or
rhombohedral symmetries and have different stacking se-
quences of Si and C layer units. These polytypes are col-
lectively known as o-SiC, and the 3C polytype is called
B-SiC. Stacking fault is denoted as a disordered part of the
above sequence, and it is generally classified into two types,
i.e., growth fault (or twin fault) and deformation fault.”

There are few investigations on the stacking faults be-

cause of the experimental and computational difficulties .

resulting from the small energy difference between the ideal
structure and the faulted structure. However, it has been
reported that stacking faults greatly affect the properties
such as thermoelectric conversion efficiency” and fracture
toughness,” and also the solid state reaction like phase trans-
formation.” We have already reported the results of qualita-
tive characterization of stacking faults in B-SiC by means
of X-ray diffraction (XRD) and high resolution electron
microscopy.

In the present study, we have quantitatively analyzed the
annihilation of stacking faults and the change in microstruc-
ture of B-SiC during firing in an Ar or a N, atmosphere by
means of XRD intensity measurements and scanning

electron microscopy(SEM). As a result, the effect of
nitrogen incorporation on the annihilation of stacking faults
was clarified, and the mechanism of stacking fault annihila-
tion in a B-SiC powder compact is proposed.

2. Quantitative Analysis of the Stacking
Fault Density

Experimental determination of the amounts of different
polytypes present in a SiC sample is not simple, because of
the constant ambiguity caused by the differences in, for
example, the degree of crystallity, particle size, and stacking
fault density among polytypes involved. Hase et al.
proposed an equation to calculate the quantities of 2H and
3C polytypes from the X-ray(CuK,, intensity ratio of 211 to
3C.” To calculate the theoretical peak intensity of 2H, they
used the peak appearing at 26=33.6°, instead of that appear-
ing at 26=38.3°. However, many researchers®®” have
reported that the peak (CuK, at 26=38.3° and the (200)
reflection peak near 26=41.4° are closely related to the
presence of stacking faults. Moreover, if 2H polytype is
present, a much stronger reflection peak near 20=38.3°
(CuKow  should be observed.'® If 33.6° peak is only
detected without the 38.3° peak appearing, the 33.6° peak
must have resulted entirely from the stacking faults. There-
fore, Hase’s equation is considered to express the content of
stacking faults, though it was initially derived to calculate
2H content.

Because stacking faults present in B-SiC usually have no
periodic nature, we cannot determine the unit cell type, mul-
tiplicity factor, or structure factor only from X-ray powder
profile measurement. Tateyama et al.” applied an advanced
XRD intensity equation to SiC powders possessing stacking
faults by carrying out XRD powder diffraction measure-
ments and Rietveld (profile fitting) analysis. They suc-
ceeded in the simulation of XRD profiles by taking account
of the stacking faults in both normal (ABCABC...) and in-
verse (ACBACB...) stacking sequences.

X-ray profile analysis of B-SiC powders shown that the
41.4° peak becomes broad and short, and the 33.6° peak
coming from the stacking faults becomes larger, both with
an increase in the stacking fault density. If the parameter X
is defined as the ratio of 33.6° peak intensity to 41.4° peak
intensity, the stacking fault density becomes dependent on
X, while X is observed invariable with the X-ray apparatus
conditions. In order to derive a quantitative equation to
express the stacking fault density in B-SiC, the values of X
were calculated from XRD patterns reported by Tateyama
et al.® Then, we attempted to express the stacking fault



Vol. 99-430

density Y obtained from the X-ray profile analysiSS) in terms
of X using the following equation:

Fitting operation has given the constants in eq.(1) as fol-
lows: a=6.82x107?, b=2.27x10?, and c=1.7. It can be seen
in Fig.1 that the fitting is fairly good, and eq.(1) was used
throughout this study to calculate the stacking fault density.

3. Experimental Procedure

3.1. Heat Treatment of 3-SiC Powder Compact

Beta-SiC powder (Central Glass Co., Ltd.) having 13%
stacking fault density and synthesized by carbothermal
reduction of SiO, was employed as a starting material. Ac-
cording to the chemical and spectroscopic analyses, the
powder contained the following impurities in weight: free-
carbon (0.3%), free-Si (0.1%), free-SiO, (0.2%), Fe
(0.03%), Al (0.02%), Ca (0.01%), and Na (0.01%). The
powder was isostatically pressed in a rubber mold after pre-
pressing in a unidirectional mold, and was annealed at 1600°
- 2000°C for O - 1h in an Ar or N, atmosphere, Gold was
evaporated onto the fractured surface and SEM observations
were conducted to examine the microstructure. The average
grain size was calculated from the micrographs. Surface
area of the annealed powder was measured by the single
pint BET method using nitrogen gas.

3.2. XRD Analysis

XRD measurements of the crushed powders were con-
ducted using CuKo radiation with a Ni filter and a graphite
monochromator under the following conditions: scanning
speed=1/4° (in 26) min”, time constant =5s, and receiving
slit=0.15mm. The intensities of the peaks at 33.6° and 41.4°
(20) were measured and eq.(1) was used to calculate the
stacking fault density. The half-width of the (111) reflection
peak was also measured and the Scherrer equation'” was
used to calculate the crystallite size. The Hall method" was
used to measure the lattice strain introduced into the an-
nealed B-SiC specimens. For this purpose, CuK prizs peak
positions of (111), (200), (220), (222), and (400) reflections
were measured. Lattice parameter was calculated from the
observed peak positions of (331), (420), and (422) reflec-
tions precisely determined by an internal method using high-
purity silicon as a standard. A computer program which
separates Ko, from Ko, by the Rachinger method'” was
used to calculate the precise lattice parameters of B-SiC,
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Fig. 1. Comparison of the calculated stacking fault density (eq.(1))
with the profile-fitted density reported by Tateyama et al®
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which showed only poor crystallity.

4. Results and Discussion

4.1. Annihilation of Stacking Faults

If the atoms existing in a faulted layer of SiC originally
come from their normal lattice layer sites, all atoms in the
faulted layer should have a stress field surrounding the layer.
Hence, the energy of the system increases with increasing
stacking fault density. The activation energy for the forma-
tion and annihilation of the stacking faults is considered to
be rather low, because the difference in free energy among
the various SiC polytypes formed through the rearrangement
of stacking layers is small.” Since any system tends to
become the minimum free energy state, there is a tendency
for the stacking faults themselves to rearrange by moving
the stacking layers, so that the overall strain energy may
decrease. Stacking faults present in SiC are annihilated
during annealing and the most stable polytype at that
temperature would be formed.

In the present experimental temperature range (1600-
2000°C) 3C polytype is stable and the stacking faults only
become annihilated in the 3C matrix during annealing as
was confirmed by XRD. Figure 2 shows the stacking fault
densities of B-SiC compacts after being annealed at various
temperatures for 0.5h in a N, or Ar atmosphere. It appears
that stacking fault density decreases with increasing anneal-
ing temperature. It can also be seen that the degree of
decrease in the stacking fault density is larger in an Ar

Stacking fault (%)

1600 1700 1800 19.00 200
Temp (°C)

sf

Fig. 2. Temperature dependence of the stacking fault density in
B-SiC annealed for 0.5h in N; and Ar atmospheres.

Stacking fault (%)

I
0 0 20 30 45 60

Time(min)

Fig. 3. Time dependence of the stacking fault density in B-SiC
annealed at 1800°C in N; and Ar atmospheres.
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Fig. 5. Relation between stacking fault density and lattice strain in
the B-SiC specimens.

atmosphere than in one of N,. Figure 3 shows the time
dependence of the stacking fault density observed at
1800°C. The stacking fault density decreases with increas-
ing annealing time both in N, and Ar atmospheres. The
reason for the different rate of fault density change in dif-
ferent atmospheres could be attributed to the role of nitrogen
incorporated into the SiC lattice, and this will be discussed
further in the next section.

4.2. Incorporation of Nitrogen

It is already well known from the previous investigations
on crystal growth," diffusion,'” and thermoelectric conver-
sion'® that nitrogen is easily incorporated into the SiC lattice
during firing in a N, atmosphere at high temperatures. Even
though the nitrogen incorporation has been widely recog-
nized, the reported lattice parameters are not necessarily
consistent. For instance, Kawamura'® reported that the lat-
tice parameter of the specimen grown in a pure nitrogen
atmosphere was larger than that of the specimen grown in
a pure argon atmosphere at 2200°C. However, Pai'®
reported that the lattice parameter of porous B-SiC ceramics
sintered in a N, atmosphere decreased with increasing
sintering temperature.

We measured the lattice parameters of the B-SiC
specimens annealed at low temperatures (1600-1900°C) in
N, and Ar atmospheres. The lattice parameter of B-SiC
decreased with increasing annealing temperature in a N,
atmosphere, while the lattice parameter remained practically
unchanged in Ar as shown in Fig.4. It is postulated from
the figure that the substitutional solid solution may be
formed when nitrogen is incorporated into B-SiC lattice.
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This would be verified by the following considerations;
atomic radii of nitrogen, carbon, and silicon are 0.075 nm,
0.077 nm, and 0.111 nm, respectively, and if incorporated
nitrogen goes into a carbon site substitutionally, the lattice
becomes squeezed owing to the difference in atomic radius.

Lattice strain is usually introduced by solid solution for-
mation owing to the different atomic radii of solute atoms.
In the present study the Hall method was employed to
evaluate the lattice strain introduced into the annealed
specimens. It is clearly seen in Fig.5 that the incorporation
of nitrogen does indeed enhance the lattice strain, and also,
that the lattice strain increases with stacking fault density.
Therefore, the lower rate of stacking fault annihilation in a
N, atmosphere (Figs.2,3) than in an Ar atmosphere should
be closely related to the incorporation of nitrogen and espe-
cially to the enhanced lattice strain.

4.3. Grain Growth and Crystallite Size

Figure 6 shows fractured surfaces of the P-SiC
specimens. When annealed in an Ar atmosphere, small par-
ticles partially combine with each other during grain growth
and neck growth. Relative density of the specimens (59-
60%) does not change in spite of increasing annealing
temperature since grains and pores grow concurrently.
However, grain shapes in the annealed specimens are quite

(b)

Fig. 6. Scanning electron micrographs of the fractured surfaces of
the specimens annealed at 1800°C for 1h in (a) Ar and (b) Ny;
bar=3pm.
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Fig. 7. Temperature dependence of the surface area in the B-SiC
specimens annealed for 0.5h.
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different; i.e, N,-annealed specimens show angular grains,
while Ar-annealed specimens have much rounder grains.
This can be verified by surface area measurement as shown
in Fig.7. As was expected, surface area decreases with in-
creasing annealing temperature more rapidly in an Ar atmos-
phere than in a N, atmosphere. It is widely accepted that
surface diffusion'™'® or vapor-phase transport'” causes for-
mation and growth of inter-grain necks and grain coarsening
in the sintering of SiC. In the present study, at least part of

AT @ Ar-gsh 1
20 F O N-0,5h B

Grain size (pm)

I S S S S N
0 1600 1650 1700 1750 1800 1850
Temp("C)

Fig. 8. Temperature dependence of the average grain size for the

specimens annealed for 0.5h.
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Fig. 9. Temperature dependence of the crystallite size for the

specimens annealed for 0.5h.
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Fig. 10. Tllustration of the proposed mechanism of stacking fault
annihilation accompanied by the microstructure development; (a)
initial packing state, (b) neck growth takes place via surface dif-
fusion and/or vapor transport and (c) large grains grow further by
the consumption of small grains. Diminishing in size and disap-
pearance of small grains lead to a decrease in stacking fault density.
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the decrease in the surface area during annealing might have
been caused by surface diffusion, though the possibility of
vapor transport via the evaporation-condensation process
can not be overlooked. This difference must have been
caused by a lower mass transport rate in a N, atmosphere
than in an Ar atmosphere. Consequently, the difference in
the mass transport rate between the two atmospheres might
have appeared owing to the incorporation of nitrogen, which
enhanced the lattice strain and suppressed the surface dif-
fusivity and/or the vapor transport rate.

The stacking fault annihilation appears to be accom-
panied by grain growth as shown in Fig.8, which shows the
average grain sizes of the annealed specimens. Figure 9
shows the temperature dependence of the crystallite size
measured by XRD. It is clearly seen that the crystallite size
also increases with increasing annealing temperature.
Therefore, grain growth and crystallite growth take place
substantially at the same time. It is also seen that the rates
of grain growth and crystallite growth in a N, atmosphere
are both lower than in an Ar atmosphere. This observation
can also be attributed to the role of incorporated nitrogen
enhancing the lattice strain. Consequently, stacking fault
annihilation, grain growth and crystallite growth all appear
to take place cooperatively.

4.4. Mechanism of Stacking Fault Annihilation

In general, when a single-phase metal is annealed at a
certain high temperature, a recovery process dissipating the
strain energy takes place first. This recovery process does
not involve any change in the grain shape, the only change
being the rearrangement of the faulted parts within the ex-
isting grains. Strain-free grains then become nucleated and
grow in the matrix.”® However, in the present case, grain
growth and annihilation of stacking faults simultaneously
progress with annealing without any observable recovery
process.

Taking the present experimental results into considera-
tion, the mechanism of stacking fault annihilation in B-SiC
powder compacts will be proposed as illustrated in Fig.10.
Starting from the initial packing state (Fig.10(a)), surface
diffusion and/or vapor transport becomes remarkable as the
annealing temperature increases and the neck growth
gradually begins to proceed (b). Further annealing gives
rise to the growth of larger grains by the consumption of
smaller grains (c). It should be noted that throughout the
whole process considered here neck growth and grain
growth take place without noticeable densification, so that
the mass per unit volume (i.e. density) remains almost un-
changed. Therefore, the diminishing in size and/or disap-
pearance of small grains leads to a decrease in the stacking
fault density, because the formation of new stacking faults
within the growing large grains is presumed not to take
place.

Crystallite growth as shown in Fig.9 is actually an ap-
parent phenomenon according to the proposed model.
Small grains with small crystallites usually become smaller
or disappear during high-temperature annealing, and the
average crystallite size in total appears to become larger.
This is what was observed experimentally.

Summing up the present results and considerations,
stacking fault annihilation is a phenomenon not induced by
the direct slip of stacking layers within the grains, but is
rather subject to a microstructure development where grain
growth is controlled specifically by the surface diffusivity
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and/or vapor transport rate.
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Residual Stress in Glass Layer Coated on Ceramic
Substrate
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Department of Industrial Chemistry, Faculty of Engineering, Kyoto University
Yoshida-honmachi, Sakyo-ku, Kyoto-shi, 606 Japan

In order to investigate a possible difference in the ad-
hesion behavior of glass on ceramic substances between
silicate and borate glasses, the residual stress in the glass
layer of the glass-ceramic layered specimens was
measured by a birefringenece method with changing
temperature. The experimental results agreed with the
calculation for silicate glass, but not for borate glass: the
experimental stress for the specimens having a borate
glass layer was about 30% lower than the calculated
value. The discrepancy was attributed to the occurrence
of possible plastic flow in borate glass by the existence
of two-dimensional structural units.
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1. Introduction

In the cohesion of glass and ceramic layers, the mismatch
of their thermal expansion coefficients creates a large
residual stress, leading sometimes to cracking or debonding.
Such fracture behavior due to the residual stress has been
investigated theoretically in the past,” and several ways to
release the residual stress have been proposed. The intro-
duction of a ductile layer or a fine grain layer is one effec-
tive method.”

In the author’s previous study, alkali borate glasses, par-
ticularly ones with high alkali content, exhibited consider-
able inelastic deformation during stable fracture testing.”
Therefore, unlike silicate glasses, they are expected to
release the residual stress by inelastic deformation like a
ductile material when they are coated on a ceramic sub-
strate. In order to confirm this possible relaxation, the
residual stress in glass-ceramic layered composites having
a borate or silicate glass layer was investigated in the
temperature range between room temperature and the sof-
tening temperature of the coated glass. The fracture pattern
under such anisotropic compression condition was also ob-
served.

2. Experimental Procedure

The two- and three-layered specimens shown in Fig.1
were used in the present study. The two-layer specimens
had 20Li,0-80B,0; and G11 glass layers on ZrO, and Al,O;
substrates, respectively. The composition of G11 glass was
58.58i0,-22.0B,05-2.0A1,05-2.7Zn0-14.7K,0(mole%).

The three-layer specimen was comprised of a soda
lime silicate glass layer (72.0Si0,-0.2A1,0;-9.6Ca0:-
3.1Na,0-4.4MgO), a thin low-melting 45PbO-55B,0; glass
layer and a MgO substrate. The substrate’s thickness was
4 to 5.5mm.

The 20Li,0-80B,0; glass specimens were prepared in the
following way. A sufficient amount of glass powder, which
was prepared from reagent grade Li,CO; and B,0s;, was
placed on a ZrO, substrate, and melted in an electric furnace
at 800°C for about 10minutes. After the bubbles in the glass
layer disappeared, they were cooled down to room tempera-
ture in an electric furnace. The glass layer was ground to
the required thickness. The G11 glass specimen was
prepared in a similar way at 1200°C. The glass layer was
Imm thick. The preparation method of the three-layer
specimen is described in detail elsewhere.” An appropriate
amount of 45PbO-55B,0; glass was premelted and spread
over the MgO substrate at 600°C. Then, a bent plate of soda
lime silicate glass was placed to cover the melted
45Pb0-55B,0;. The final thickness of 45PbO-55B,0; glass
was less than 0.lmm. All the specimens thus obtained were
cut to 22x22mm surface area. In order to reduce scattering
during stress measurement, two sides were polished by 1um
diamond paste. The stress was measured by using a polari-
scope, with the heating rate controlled at 5+0.5°C/min.

The commercial ZrO,(ZR-11), MgOMG-12) and
AL O;(SSA-S) substrates(Nippon Kagaku Togyo) were used
in the present study. They were cut to an appropriate size.
The surface used for the adhesion was polished using 800
grit silicon carbide paper, and cleaned ultrasonically in
acetone.

3. Results

The variation of stress with temperature in the G11 glass
layer is shown in Fig.2. The glass layer was considerably
thin, compared with the substrate in the present specimens.
Furthermore, the modulus of glass was smaller than that of
the substrate by several factors, as shown in Table 1. Ac-

Glass 1
(b
! —Glass 2

Substrate
Glass

(a)
Substrate

Fig. 1. Schematic illustrations of multilayered composites.
a: two-layer specimen, b: three-layer specimen
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cording to the FEM (finite element method) calculation,
carried out on a similar shape,” the stress in the glass layer
can be considered two-dimensional and can be ap-
proximated as a finite broad case. Its magnitude at the free
surface of the glass layer, is expressed by the following
equation.”

E, 2MN® + 3MN - 1

= 1oy, "N T aMN + MV T aMN + 1 26

(o}

where E, and v are the Young’s modulus and Poisson’s ratio
of glass, Ag,, is the thermal strain appearing from the dif-
ference between the thermal expansion of glass and that of
substrate, N is the thickness ratio between the glass layer
and the substrate, and M is the modulus ratio between the
two. The calculation was carried out using eq.(1) by setting
the stress at room temperature to the measurement value.
The thermal expansion coefficients and elastic constants for
G11 glass and Al,O; were taken from pertinent literature.”®
Both experimental and theoretical results showed that the
residual tensile stress at room temperature was released with
increasing temperature at the beginning, but that tensile
stress appeared again above 200°C, reflecting the difference
in thermal expansion coefficient between G11 glass and

0 T T T T T T

8
T
]

STRESS _(MPa)
S

1 1 | | e 1

0 100 200 300 400 500 600 700
TEMPERATURE (°C)

Fig. 2. Stress in G11 glass layer as a function of temperature.
Experimental results are shown by square symbols, calculation
results by a solid line.(fwbsrae=5mm, fgas=1mm) The positive
values signify tensile stress.

Table 1 Material Constants used in Stress Calculation

a: elastic constants

Poisson's Ratio

Young's Modulus(GPa)

Zr0y 211.2 0.30
MgO 294.8 0.20
A]203 399.0 0.24
201.i,0-80B,03 59.32 0.28
sopa* 83.89 0.23
G11 72.6 0.30

*: Soda lime silicate glass

b: thormal expansion coefficients
a (1078 /¢

2ro, 6.56 + 2.60 x 1072 T - 4.61 x 107 12
Mgo 8.56 + 5.01 x 1072 7 - 1.55 x 1075 12
Aly0g 5.26 + 1.19 x 1072 T - 1.00 x 1075 72
20Li,0- 808,04 4.28 + 2.53 x 1072 7 - 3.98 x 107> 12
SODA 6.72 + 2.39 x 1072 T - 6.49 x 107% 12

G11 6.47 + 2.00 x 1073 T
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ALO;. Furthermore, the magnitude of the calculated stress
mostly agreed with the experimental results in the entire
temperature range, as observed by Scherer et al..” This
result seems to confirm that the present stress measurement
by a polariscope provides a reasonable stress value at
elevated temperatures.

The results obtained from the 20Li,0-80B,0; specimen
are shown in Fig.3. The parameters used in the calculation
are listed in Table 1. In the calculation, the stress was set
to O at the starting temperature of 510°C, where the stress
was completely relaxed. In contrast to the G11 glass
specimen, the slope of the stress vs temperature curve for
20Li,0-80B,0; glass was only about 70% of the calculated
one.

Figure 4 illustrates the stress distribution across the
1.lmm thick glass layer in the 20Li,0-80B,0; glass
specimen at room temperature. The stress decreased by
about 10% towards the glass surface, in good agreement
with the calculation. When the thickness of glass layer was
less than 0.5mm, such variation could not be detected. The
numerical calculation also indicated that there was only a
change of 2% for the case of 0.5mm(t=5mm), which was
below the resolution of the present measurement.

The stress variation with temperature for the three-layer
specimen is shown in Fig.5. The generation of stress in the
soda lime silicate glass layer was determined by the

30k T I ]

STRESS (MPa)

=30 | | -

200 400 600
TEMPERATURE (°C)
Fig. 3. Stress in 20L1,0-80B;0s glass layer. Experimental
results are shown by circles, calculation results by a solid
line. (fsubsrae=4.5mm, fg12=0.52mm) The positive and negative
values signify tensile and compressive stress, respectively.
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Fig. 4. Stress distribution across glass layer. Experimental results
are shown by square symbols, calculation results by a solid line.
(Psubsrate=4.5MmMm, fgias=1.1mm)
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Fig. 5. Stress in soda lime silicate glass layer. Experimental
results are shown by circles, calculation results by a solid line.
(Fsubstrate=3.92mmM, fg1a5=0.67mm)

45Pb0-55B,0; glass layer, because its glass transition
temperature was lower than that of soda lime silicate glass
by 100°C. In the calculation, the stress was set to 0 at
420°C. The thickness of the 45PbO-55B,0; layer was es-
timated to be about 0.05mm, by means of EPMA. For such
a thin layer, its influence on the stress change in the glass
layer was negligible. Again, the measured stress was about
70% less than the calculated value.

4. Discussion

The stress appearing in the borate glass layer was found
to be lower than that expected from the calculation. Judging
from the good agreement between the experimental and cal-
culated values for the G11 glass specimen, the measuring
and calculating procedures used in the present study cannot
account for the discrepancy observed in the borate glass
specimens. Therefore, the following two possibilities are
considered: (1) the changes in thermal expansion coeffi-
cient and elastic modulus from the values used in the cal-
culation, due to the appearance of interface layer, and (2)
the stress release in the glass layer arising from plastic or
other process.

As for the interface layer, the dissolution of ceramic sub-
strate into the glass layer was found to be very small by
EPMA. Furthermore, no interface layer could be con-
firmed. Hence, the thermal expansion coefficient and elas-
tic modulus should change little from those used in the
calculation, and consequently the first possibility seems im-
probable. '

Since the discrepancy was observed only on the borate
glass specimen but not on the silicate glass specimen, the
discrepancy may arise from the intrinsic properties of borate
glass, which are different from those of silicate glasses. It
is known that the borate network contains a large number
of plane triangular BO; units, rather than three-dimensional
tetrahedral units in silicate glass. These BO; units could
assist shear deformation. According to recent results, alkali
borate glasses show a large fraction of inelastic deformation
during stable fracture.” B,O; glass has also been found to
behave uniquely in the process of deformation and crack
formation, when impacted by a small steel ball at high
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speed.” A large degree of deformation/compaction was ob-
served but no cone crack was generated, different from the
normal behavior of glasses capable of densification.'”
These experimental facts suggest the occurrence of shear
flow in borate glass to release the high stress. The same
mechanism has been used to interpret the interference pat-
terns caused by indentation for borate glasses.'” In the
present 20Li,0-80B,0; and 45PbO-55B,0; glasses, a num-
ber of BO, units also exist in the forms of tetraborate and
pentaborate groups, respectively.” The network structure
becomes three-dimensional, compared with B,0O; glass.
However, under applied stress even in the elastic region, the
conversion among borate groups seems to occur easily, in-
creasing the two-dimensional structures.'*'> Hence, the
structural conversion probably plays an important role as
well in this stress release process.

During the preparation of the three-layer specimens,
spherical cracks sometimes appeared in the glass layer from
the MgO substrate, as shown in Fig.6. On cooling, large
tensile stress arose in the MgO substrate, and cracks perpen-
dicular to the interface were generated easily from the small
flaws, which were caused by some mechanical damage. In
layered specimens, stress concentration has been
demonstrated by FEM calculation at the interface near
edges.” It probably occurred in the present glass layer at
such sites, and resulted in the extension of these cracks into
the glass layer. This spherical crack growth is essentially
equivalent to the decohesion of thin film deposited on a
brittle substrate, in which the thin film was subjected to a
tensile strain, different from the present case.'” Due to the
residual compressive strain, a planar crack propagated in the
substrate parallel to the specimen surface, obeying a zero
K| criterion (Ky: a shear stress intensity factor). However,
such a planar crack was not noticed in the present study.
This may be associated with the fact that the glass layer was
fairly thin in comparison with the substrate. The reason
why the cracks grew in spherical manner rather than along
the cracks in MgO substrate is not clear at this time, and
should be investigated in the future.

5. Conclusion

The stress in the glass layer of glass-ceramic layered
specimens was measured by a birefringenece method with
changing temperature. There was satisfactory agreement
between the experimental and calculated results for a silicate
glass, while the specimens involving a borate glass layer
revealed a lower value than the numerical calculation. This
discrepancy was attributed to the structural difference be-
tween borate and silicate glasses. The two-dimensional

(b)
Spherical Crack
Glass

(a)

Crack  gubstrate

10 mm

Fig. 6. a: Photograph of crack morphology in glass layer and b:
Schematic demonstration of the specimen’s section
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units in borate glass are considered to assist shear flow,
releasing high stress at the interface.
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Injection Molding of Highly-Purified Hydroxylapatite
and TCP Ultilizing Solid Phase Reaction Method
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Injection molding of hydroxylapatite and TCP utilizing
the solid phase reaction method was studied. Rod like
test pieces (¢6x501) were produced by injection molding
using two powder-binder compounds: (A) 6mol of cal-
cium secondary phosphate (98.0% ), 4mol of calcium car-
bonate (99.0%) and several organic binders; (B) 6mol of
calcium secondary phosphate (98.0 %), 3mol calcium car-
bonate (99.0%) and several organic binders. After the
binder extraction process, the test pieces were heated up
to 1000 to 1300°C at a rate of 100°C/hour.

When sintered at 1300°C, the sintered test piece (A) was
found to consist of hydroxylapatite according to X-ray
diffraction and FT-IR. On the other hand, the sintered
test piece (B) was found to consist of o-TCP.

[Received August 24, 1990; Accepted March 22, 1991]

Key-words: Ceramics injection molding, Hydroxylapatite,
TCP, Debinding, Sintering, Solid phase reaction, Calcium
phosphate

1. Introduction

Calcium phosphate compounds have recently received
considerable attention as substitute materials for bones of
living bodies and as electronic ceramics used, for example,
for sensors.”™ These materials, however, are unsuitable to
high-volume molding of complex-shaped products with
high dimensional accuracy because they are molded mainly
with a press. Hydroxylapatite is usually synthesized by the
wet method, so that the composition and physical properties
of the resulting compound differ greatly with the synthesiz-
ing temperature and pH value. We reported the injection
molding of less expensive calcium secondary phosphate,
which is obtained from phosphoric acid produced as foam
waste in the molding of plastic foam, and we also revealed
the possibility of sintering of hydroxylapatite in a series of
processes.” Afterwards, we found that the product sintered
by the above method contains calcium oxide as a by-
product, and the change of calcium oxide into calcium
hydroxide reduces the strength of the sintered body. This
report presents the reaction process and physical properties
of a sintered body obtained by using calcium secondary
phosphate of 98.5% or higher purity as a starting material
to get highly-purified hydroxylapatite containing no calcium
oxide. The reaction process and physical properties are
also studied for sintered bodies that have been injection
molded by changing the mixing ratio of calcium secondary
phosphate and calcium carbonate to get B-TCP in sintering.

2. Experimental Method

2.1. Experimental Procedure

Calcium secondary phosphate (98.0% purity, Class 1
reagent) and calcium carbonate (99.0% purity, Class 1
reagent) were used as inorganic powders. The composition
ratio in a mol of calcium secondary phosphate to calcium
carbonate was taken as 6:4 from the solid phase reaction
formula for hydroxylapatite. To obtain calcium tertiary
phosphate, the composition ratio of calcium secondary
phosphate to calcium carbonate was taken as 2:1. The or-
ganic binders used in this experiment were ethylene-vinyl
acetate copolymer (EVA), poly-n-butyl methacrylate
(PBMA), modified wax (WAX), amide lubricant (AMID),
and dibutyl phthalate (DBP). Table 1 gives the composition
of the compound.

Hereafter, the compound of the composition ratio of 6:4
between calcium secondary phosphate and calcium car-
bonate is referred to as A, and that of 2:1 as B.

Figure 1 shows the experimental procedure. The heated
kneading was performed in a kneader (supplied by Toshin)
for 45 minutes. In the injection molding, Rod like test
pieces (¢6x501) were produced at a molding temperature of
110°C by using a vertical plunger-type injection machine
(supplied by Sanjou Seiki). The molded test pieces were
kept at 50°C for 2 hours in the atmosphere by using a binder-
extracting furnace (supplied by Fine), and then heated to
420°C at a rate of 6°C/h and kept at that temperature for 2
hours before being furnace cooled. The test pieces were
sintered by heating from room temperature to 1000°C to
1300°C at a rate of 100°C/h in the atmosphere by using an

Table 1. The composition of the compound (part by weight).

A B
CaHPO, 67 73
CacCoOs 33 27
EVA 7 e
PBMA T ke
WAX 4 4
APP 2 2
AMID 1 1
DB P 2 2
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Fig. 1. Experimental procedure.

electric furnace (supplied by Chugai Ro) and kept at each
temperature for 2 hours.

2.2. Determination of Physical Properties and
Composition of Sintered Body

The change in weight of binder-extracted test pieces
during sintering was measured in dry air at a heating rate of
10°C/min with thermogravimetric equipment (Perkin Elmer,
TGA 7).

For the bending strength test of the sintered body, the
sintered rod-like test pieces were used without being
polished. The bending strength test was performed at room
temperature five times for each point with a universal testing
machine (Shimadzu Corporation, AG-5000D) with a cros-
shead speed of 0.5mm/min. Density of the sintered body
was measured by the Archimedean method.

For the identification of sintered body composition, the
test pieces that had been subjected to the bending test were
ground into powder and analyzed by using an X-ray diffrac-
tometer (Mac Science, MXP, Cu tube, 40kV, 20mA). The
ground powder of sintered body was diluted to about 2%
with KBr and made into pellets, so that infrared absorption
spectrum measurement could be performed (with an FT-IR
(Perkin Elmer, 1760X)).

The microstructures of the fractured surface of test pieces
after being subjected to a compression test were observed
with a scanning electron microscope (Hitachi, S-510).

3. Experimental Results and Discussion

3.1. Molding and Binder Extraction of Mixture of
Inorganic Powder and Organic Binder

Figure 2 shows the measurement results for flow be-
havior of Compounds A and B given in Table 1. The meas-
urement was made at 110°C by using a capillary flow tester
(Toyo Seiki, Capillograph 1B) with a capillary of L/D=10.
Both compounds exhibited non-Newtonian flow behavior.
The authors reported that the apparent viscosity at shear
rates of 10” to 10° sec” was 10° to 10* poise as the optimum
condition in injection molding of ceramics powder.” When
the apparent viscosity is less than 10° poise, a turbulent flow
of compound occurs in the mold during molding, which
often causes defects in the molded body in the process after
debinding. When the apparent viscosity is higher than 10*
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poise, the molding temperature during injection molding
increases significantly, which often causes the mold to be
insufficiently filled with the compound. For the compounds
used in this experiment, the apparent viscosity is 10° to 10*
poise in the shear rate range between 10” and 10° sec”. This
means that the compounds are suitable for injection mold-
ing.

Next, binder extraction was performed on the green com-
pacts after being injection molded. The binder extraction
process takes the largest amount of time among the injection
molding processes of ceramics, and defects in the compact
often occur in this process. Therefore, it is most important
to determine the type, composition ratio, and loadings of
organic binder blended in ceramics.

When the binder was extracted from the green compacts
of A and B compounds molded in this experiment, binder-
extracted bodies without cracks and voids were obtained.

3.2. Sintering of Binder-Extracted Sample

3.2.1. Sintering of Binder-Extracted Sample of Compound
A

The change in weight of binder-extracted sample during
sintering was measured by thermogravimetry. The meas-
urement results are shown in Figs.3(a) and (b). This figure
indicates that the weight begins to decrease at about 700°C
and becomes nearly constant at about 860°C for both com-
pounds. This reveals that the solid phase reaction takes
place in the temperature range of about 700°C to 900°C for
the binder-extracted samples of both compositions.

Figure 4 shows the X-ray diffraction patterns for the
samples obtained by heating the binder-extracted bodies of
both compositions to 600°C to 1300°C on the basis of ther-
mogravimetry results. In the X-ray diffraction patterns
shown in Figs.4(a) and (b), the difference in peak is not
found between the binder-extracted sample that shows no
change of thermogravimetric curve in Fig.3 and the sample
sintered at 600°C. However, peaks were found for calcium
carbonate (at temperatures between the binder extraction
temperature (420°C) and a sintering temperature of 600°C)
and for y-calcium pyrophosphate (that seems to change from
calcium secondary phosphate). At a sintering temperature
of 800°C in the weight loss region in the thermogravimetric
curve, the peak that would be for calcium carbonate is great-
ly reduced, and the peak for B-TCP (calcium tertiary phos-
phate) is newly found. At a sintering temperature of 1000°C
beyond the weight loss region in the thermogravimetric
curve, the peak for hydroxylapatite, in addition to that for
B-TCP, and also the peak for calcium oxide (that seems to
change from unreacted calcium carbonate) are found. As
the sintering temperature increases from 1000°C to 1300°C,
the peaks for B-TCP and calcium oxide are greatly reduced
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Fig. 2. Dependence of apparent viscosity of shear rate for powder-
binder compounds at 110°C.
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(a) : sample (A), (b) : sample (B)

and the peak of hydroxylapatite is found.

Figure 5(a) shows the spectral patterns obtained by using
FT-IR. At sintering temperatures between 1000°C and
1300°C, the peak for calcium oxide found at 3650cm™
decreases as the sintering temperature increases, as with the
X-ray diffraction data shown in Figs.4(a) and 4(b). The
absorbance of calcium oxide is not found at 1300°C. The
production of hydroxylapatite is confirmed from the absor-
bance of OH at 632cm™ and that of PO,” at 470, 571, 601,
632, 961, 1045, and 1089cm’™, as well as the absorbance of
OH at 3571cm™ found in hydroxylapatite in Fig.5(a). The
above result indicates the following: for compound A, the
composition of sintered body was unchanged at sintering
temperatures up to 700°C; at a sintering temperature of
about 800°C, B-TCP was first produced, and then
hydroxylapatite was produced as the sintering temperature
increased; and the formerly produced B-TCP was changed
into hydroxylapatite by reacting with calcium oxide. It was
found that a sintered body consisting of hydroxylapatite is
obtained at a sintering temperature of 1300°C. As a result
of the measurement of Ca/P ratio by fluorescent X-rays,
hydroxylapatite with a nearly theoretical ratio of 1.66 was
obtained at a sintering temperature of 1300°C. From the
above result, it is thought that solid phase reactions of not

only 6Ijormula (a) but also Formula (b) occur at the same
time.>”

6CaHPO, + 4CaCO; — Ca,o(PO,4)s(OH), + 2H,0 + 4CO,

3Ca3(PO,), + CaO + H,0 — Ca;o(PO,)s(OH), .. .(2)

3.2.2. Sintering of Binder-Extracted Sample of Compound
B

In the X-ray diffraction patterns shown in Figs.4(c) and

(d), peaks are found (as in compound A) for calcium car-

bonate (at temperatures between the binder extraction

temperature (420°C) and a sintering temperature of 600°C)

and for y-calcium pyrophosphate (that seems to change from
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calcium secondary phosphate). At a sintering temperature
of 800°C, the peak that would be for calcium carbonate
decreases greatly, and the peak for B-TCP is newly found.
At a sintering temperature of 1000°C, a peak for B-TCP
containing small amounts of B-calcium pyrophosphate is
found. Although the peak for B-TCP is found in the
temperature range between 1000°C and 1100°C, no peak for
B-TCP is found at sintering temperatures above 1200°C, and
the absorbance of a-TCP is found.

Next, in the FT-IR spectral patterns in Fig.5(b), the peaks
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Fig. 4. Change of X-ray diffraction patterns of sample (A) and (B)
at various sintering temperatures.

(a) : sample (A) at 420°, 600° and 800°C

(b) : sample (A) at 1000°, 1100°, 1200° and 1300°C

(c) : sample (B) at 420°, 600° and 800°C

(d) : sample (B) at 1000°, 1100°, 1200° and 1300°C



Kankawa, Y. et al.

AB:4) @
g
(™
3
5
2
2 100°C
—A_| g
1250°C

i S/, VD S I
800 3700 3600 3500 3400 3300
Wave number (cm”)

Absorbance

I L L
1600 100 1200 1000 800 600 400

Wave number(cm')
Fig. 5. Change of IR spectral patterns of sample (A) and (B) at
various sintering temperatures.
(a) : sample (a) at 1100°, 1200° and 1250°C
(b) : sample (b) at 1000°, 1100° and 1300°C

of phosphoric acid (PO,”) at 1600 to 400cm™ at sintering
temperatures between 1000°C and 1300°C are considered.
The absorbance of B-TCP is found at sintering temperatures
of 1000°C and 1100°C, and the absorbance at 1100cm™ and
600cm™ changes at 1300°C. Like the above-described X-
ray diffraction pattern, B-TCP changes into o-TCP at sinter-
ing temperatures above 1100°C.

From the measurement results of X-ray diffraction and
FI-IR, it is considered that the following reaction may take
place on compound B.*

2CaHPO,+CaCO; — Ca;(PO,),+H,0+CO,
ﬂ‘ca3 (PO4) 2—lma-Ca3 (P04) 2

3.3 SEM Observation and Mechanical Properties of
Sintered Sample

3.3.1. SEM Observation and Physical Property Measure-
ment of Sintered Sample of Compound A

The fracture surface of the sample sintered at 1000°C to
1300°C and subjected to a bending test was observed with
a scanning electron microscope. Figure 6 shows the SEM
photographs. As seen from the figure, the shape and size
of grains are uneven, the growth of grain has not proceeded,
and the bonding between grains has not proceeded at
1000°C. As the sintering temperature increases, the grain
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growth proceeds, and the bonding between grains proceeds.
It has been found that the sample consisting of
hydroxylapatite that was sintered at 1300°C has pores of
Sum or smaller.

Figure 7(a) shows the porosity and bulk density of the
sintered sample. The porosity decreases with the increase
in sintering temperature, whereas the bulk density increases

Fig. 6. SEM photograph of fracture surfaces of sintered sample
(A) and (B) a various sintering temperatures.
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Fig. 7. Bulk density (®) and apparent porosity (O) of sintered
sample (a) and (b).
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Fig. 8. Compressive strength for rod like test pieces of sintered
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with the increase in sintering temperature. This fact agrees
with the results of SEM observation. The reason for the
decrease in porosity and the increase in bulk density may
be that B-TCP, a by-product, disappears as the sintering
temperature increases and a sintered body consisting of
hydroxylapatite alone is produced.

To determine the strength of the sintered sample, a three-
point bending test was conducted on rod-like test pieces that
had been sintered at various temperatures and not ground.
The result of the bending test is shown in Fig.8. The sample
sintered at a higher temperature has strong bonding between
grains, higher bulk density, and lower porosity. The bend-
ing strength is about 12.5MPa at a sintering temperature of
1300°C.

3.3.2. SEM Observation and Physical Property Measure-
ment of Sintered Sample of Compound B

The SEM photographs indicate that, like compound A,
the shape and size of grains are uneven, the growth of grains
has not proceeded, and the bonding between grains has not
proceeded at 1000°C. As the sintering temperature in-
creases, the grain growth proceeds, and the bonding between
grains proceeds. It has been found that the B-TCP obtained
in this experiment has continuous pores of Sum or smaller
at a sintering temperature of 1300°C.

Figure 7(b) shows the porosity and bulk density of
sintered sample. The porosity decreases with the increase
in sintering temperature, whereas the bulk density reaches
the maximum value at a sintering temperature of 1100°C,
then decreases, and increases above 1200°C. The reason for
the temporary decrease in bulk density above 1100°C may
be that B-TCP changes into o-TCP as the sintering tempera-
ture increases in this temperature range.
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To determine the strength of a sintered sample, a three-
point bending test was made on rod like test pieces that had
been sintered at various temperatures and not ground. The
results of the bending test are shown in Fig.8. The bending
strength reaches a peak value at a sintering temperature of
1100°C, then decreases in the temperature range between
1100°C and 1200°C, where B-TCP changes into o.-TCP, and
increases again above 1200°C, where the porosity decreases.

4. Conclusions

The following conclusions have been drawn from the
injection molding of calcium phosphate compounds utiliz-
ing the solid phase reaction method.

1) A sintered body consisting of hydroxylapatite, containing
almost no by-product, was produced by sintering and
binder extraction of injection molded compact consisting
of highly-purified calcium secondary phosphate (6mol)
and calcium carbonate (4mol). The sample sintered at
1300°C had a bending strength of 12.5MPa.

2) By changing the composition ratio of calcium secondary
phosphate to calcium carbonate into 6mol to 3mol, a
sintered body consisting of B-TCP, containing small
amounts of unreacted B-calcium pyrophosphate was ob-
tained at sintering temperatures below 1100°C. At sinter-
ing temperatures above 1200°C, B-TCP changed into
a-TCP. The bending strength was 10MPa at 1300°C,
which was lower than the above-described sintered body
consisting of hydroxylapatite.
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In brittle materials, unstable crack-extension leads to
direct fracture. Therefore, some techniques such as X-
ray scanning, Ultrasonic microscopy, and Acoustic Emis-
sion (A.E.) have been developed for detecting the position
and size of defects. However, these techniques do not
have high enough precision. We have analyzed crack-
size and crack-orientation distributions of fracture
origins statistically and proposed an effective method for
non-destructive inspection (N.D.L.).

In this paper, joint probability density contour-lines of
fracture-location in test pieces subjected to 3-point bend-
ing load are shown. Furthermore, “N.D.L-line” calcu-
lated from the joint cumulative distribution function is
presented. A more effective “screening-diagram”
derived from N.D.L-line is also suggested.
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Key-words:  Non-destructive  inspection,  Structural
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1. Introduction

As is well known, the fracture of brittle materials includ-
ing structural ceramics is caused by crack propagation from
the weakest defective points (fracture origins) in the
materials.

Considering that the shortest way to improving the
strength reliability of brittle materials is to correctly recog-
nize the defects as origins of fracture, studies are being
widely pursued on nondestructive inspection. They mostly
use such measuring techniques as X-ray and ultrasonic flaw
detection methods to recognize the size and location of
defects. However, there is no sufficient proof that defects
detected by such methods are origins of fracture. There is
also an acoustic emission method which estimates defect
sizes etc. by measuring sounds generated when cracks
propagate. From the point of view of screening cost, it is
certainly not a realistic method. Approaches by such types
of measurement for recognizing defect distribution seem
practicable as long as defects in materials such as metals are
relatively large but unless used together with other useful
information, they seem hardly practicable with fine
ceramics in which defects as fracture origins are small.

We have been utilizing an approach which, differing
from ones by measurement, recognizes distribution defects
as fracture origins by estimating locations of fractures
origins stochastically. Being by way of estimating locations
of fracture origins, the defect distributions obtained by this
approach permit only defects as actual fracture origins to be
known. In accordance with probability theory for fracture

locations based on competing risk theory, we theoretically
derived dimensional distributions of defects as fracture
origins and strength distributions after screening for 3-point
bending stress fields and proved their validity by applying
them to large quantities of test data on 3-point bending of
hot pressed silicon nitride."®

Recently, reviewing the conventional method for operat-
ing nondestructive inspection, we have pointed out that con-
ventional nondestructive inspection is not sufficient. We
have presented a new effective method of nondestructive
inspection,” by showing that it is improtant to determine the
screening size of defect and the screening area if test pieces
have stress gradients.

In this paper, using test pieces subjected to 3-point bend-
ing stresses, we show NDI (nondestructive inspection) lines
by defining the geometrical shapes of the areas to be actual-
ly screened in the two-dimensional coordinate regions
specified by the longitudinal and thickness directions of test
pieces. We also present a new screening diagram which can
immediately determine the screening area for Wiebull shape
parameter m=>10.

2. General Theory

We have already presented a *“probability theory for frac-
ture locations based on competing risk theory” which deals
with different types of fracture origins at once."” The prob-
ability of an object whose reference stress Gy, iS (G, Om+dCm
being fractured at point (§, &-d&) in area A, can be formu-
lated as

(G, £)do,dE = [[R(c,) x YN do,dE . . (1)

i=1 j=1

where R; is the reliability function and A; is failure rate,
which are given by

R(o)=1- JZ”L (G £) dEd,,

_ hA, (Grn. g)
A= R; (0m)

A=A @A D A,

further

(0 ©) = expl(-BS2(G),

B,= _L'G,dﬁ,
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2.1. Joint Probability Density Function for Fracture
Locations

In the following, we will proceed with analysis on in-
ternal defect (i=1), which takes the 3-point bending test (see
Fig.1) into account. When a so-called rectangular-cross
section beam (one-side span length: L, width: b, height:
2h) is under a 3-point bending load, the stress at a given
point inside it is given by

Omax

°=In

Xh=9)) Omax= 557 v v v v vt
Where the origin of coordinate x and y is at one fulcrum
of 3-point bending. The location parameter is zero and
fractures from the beam sides are neglected. Thus, from
egs.(3) and (4), risk of rupture B, can be obtained as

LGt
e
X A
2L b,

Fig. 1. The coordinage system in the three-point bending test.
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Onss | |, _ _2bLh
b= V"’[GO.J’ Yo Gn+ 17

By using equations (3) and (5), the joint probability
density function for fracture location (x, y) due to an inter-
nal defect is formulated as

“5{) ()

ha(x,y) = O

Lh L h
where L and h are dimensions of the test piece and m, is a
shape parameter. Here, for convenicence of analysis, the
origin of the coordinate axis is taken at the maximum
stressed point. From eq.(1), contour maps of the joint prob-
ability density function with m,=5, 10 and 15 were obtained
(see Fig.2(a), (b) and (c)). Each map contains 9 contour
lines, which are decasectors of the maximum joint prob-
ability density value (the joint probability density value
peaks at maximum stress point A. The three maps in Fig.2
also show trends for the maximum joint probability den-
sity value to increase with the contour lines becoming
denser and for fracture origins to concentrate in a small area
around the maximum stress points as the value of the shape
parameter increases.

Although it has already been pointed out that where there
is a stress gradient in the test pieces (as in 3-point bending
tests), the locations of fracture origins are not all over the
entire region of the test pieces but rather confined to specific
areas, there have been no studies actually showing fracture
origin areas qualitatively and quantitatively with the dimen-

y/h

p.d.f.=2.4
(b)
= L
oy
N\ 9 I
> e p.d.f.=1.62
= 9 |
o .
5 p.d.f.=8.1
s 0.1 0.8 1s
L 1 L
(c)
m .
o]
£ =
N i
>
" A0
o Z N
2 p.d. f.=17.0
o6 01 0.8 o A
X/ L

Fig. 2. Contour-lines of probability density function.

(a) m=5, (b) m=10, (c) mi=15
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Fig. 3. Contour-lines of cumulative distribution function. (a)m;=5, (b) mi=10, (¢) m=15
sions of test samples and shape parameters as shown in
Fig.2. Thus, it was difficult to know to what area fracture s N N i N A y \ L ;
origins are confined. In contrast, the recognition of the . = " r
. a . . » e L
relation shown in Fig.2 is very useful for nondestructive N 10 r
5 : 5 L z : " &1 w1 [
inspection, since it is possible, when carrying out non R T P S s i R A T

destructive inspection on the assumption of 3-point bending
stresses for a group of test pieces, to determine beforehand
the screening areas. Fig.2 also shows that the contour lines
draw moderate convex curves nearly in parallel.

The above analysis is applicable likewise to stresses
which permit joint probability density functions for frac-
ture locations to be derived.

3. Joint cumulative distributions for
fracture locations

This chapter deals with joint cumulative distributions in
various ways. From the joint probability density function
shown in Chapter 2, the joint cumulative distribution func-
tion for fracture location (X, y) is formulated by integrating
the density function along the contour in Fig.2 as

2
Has9) = [ [ s sy

o)

Using equation (7), we present NDI lines and screening
diagrams as follow:

3.1. NDI Lines

Using equation(n), we calculated cumulative distribution
curves with 3 reliability levels: 68.3% (within £16), 95.5%
(within +26) and 99.7% (within +3G), where G denotes
standard deviation (see Fig.3(a), (b) and (c)). Fig.3 shows
that as the shape parameter increases, also with cumulative
distribution curves, the areas enclosed by the curves
decrease. It also clearly shows relative differences in frac-
ture origin areas among the three reliability levels. Such
cumulative distribution curves preliminarily prepared for the
size of test pieces to be analyzed permit screening areas at

x/L
Fig. 4. 99.7% NDI-line.

required reliability level to be known at once and will pos-
sibly be greatly helpful in increasing screening efficiency.

Figure 4 shows 99.7%NDI lines for different shape
parameters. Particularly remarkable is that even with m=5
which involves relatively large scatter (wide fracture origin
area), the expected area of fracture origins is not as wide as
half of the region on the tensile side of the test piece. In
other words, we have now recognized with theoretical proof
that screening on the assumption of 3-point bending stresses
can be confined to a narrow area. This can greatly save time
and money.

In addition, for two extremes: m; — 0 and m; —eo,
99.7%-NDI lines cover the entire area of the test sample or
stand most closely to the maximum stress point A respec-
tively.

3.2. Screening diagrams

Figs.3 and 4 are shown at the same ratio as the aspect
ratio of the test pieces. Thus, the curves shown in them are
similar to the cumulative distribution curves in actual test
pieces. Looking at Fig.4 again from this point of view, we
can find an important trend; that is, joint cumulative prob-
ability lines with m, > 10 can be approximated by straight
lines. Screening is far easier for an area enclosed by straight
lines than for an area enclosed by curves.

Figure 5 shows such linear approximation adjusted for
easy use. The horizontal (x/L) and vertical (y/h) axes are
graduated by the even scale and half of the tensile area is
formed into a square (this figure is called a screening
diagram).

The use of the screening diagram will be outlined below
by referring to Fig.5(c). Suppose that a sample with shape
parameter m,=20 is tested under nondestructive inspection
(screening) at a reliability level of 99.7% (£3c). The area
to be screened is inside the triangular ABC shown in
Fig.5(c) (for half of the longitudinal length of the test piece).
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Fig. 5. Screening diagram. (a) 68.3%(%1 ©), (b) 95.5%(£2 ), (c) 99.7%(*3 ©)

Considering that the vertical and horizontal axes in Fig.5(c)
are normalized by sample dimensions L and h respectively,
sufficient effect of screening can be obtained by calculating
actual dimensions and screening only the area enclosed by
these actual dimensions. Thus, the areas to be screened can
be estimated easily for different reliability levels:
68.3%(within +10) and 95.5% (within +25).

As in Chapter 2, the analysis in this Chapter 3 can be
performed exactly in the same procedure for stress states
which permit joint cumulative distribution functions for
fracture locations to be derived.

4. Conclusion

With the help of probability theory for fracture locations
based on competing risk theory, we studied joint probability
density and joint cumulative distribution functions for frac-
ture location (x, y) derived for fractures due to internal
defects, reaching the following conclusion:

1) On the basis of joint probability density functions for
fracture locations (x, y) in a 3-point bending stress field,
contour maps for joint probability density were ob-
tained. With sample dimensions and shape parameters
given, they permit actual fracture origin areas to be quan-
titatively determined.

2) Contour lines in fracture origin areas drew modest convex

curves nearly in parallel.

3) On the basis of joint cumulative distribution functions
for fracture locations (x, y), we adjusted cumulative dis-
tribution functions for different shape parameters with
reliability levels: 68.3, 95.5 and 99.7%. This permits
the area of screening for the required reliability level to
be found visually and enables the operating efficiency of
screening to be greatly increased.

4) Finding that joint cumulative probability lines with
shape parameter m;>10 could be approximated by
straight lines, we presented screening diagrams useful for
actual nondestructive inspection. They enable areas to
be screened at different reliability levels to be estimated
easily.
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Porous insulation films of alumina used in color picture
tube heaters for high definition displays have been made
by the electrophoretic deposition (electrodeposition) pro-
cess. In this process, the formation of gels on electrodes
and the electrophoresis of Al,O; particles in the solution
occur simultaneously. Electrodeposited gels, which are
important to control the insulation film structure, were
analyzed by powder X-ray diffraction, differential ther-
mal analysis and Fourier transformation photo acoustic
spectroscopy (FT-IR-PAS). The X-ray diffraction pat-
terns showed that the electrodeposited gels are amor-
phous. FT-IR-PAS spectra indicated the presence of
hydroxyl and nitrate anions. It is shown that the shape
of the gel on an uneven electrode surface depends on the
configurations of aluminum and magnesium ions in the
electrodeposition solutions.
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Key-words: Electrophoretic deposition, Aluminum nitrate,
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1. Introduction

An electrophoretic deposition (electrodeposition) process
is a well-known method for producing ceramic films about
100um thick with ease and relative uniformity, which is now

‘used for the formation of superconductive thin films as
well."?

The authors intended to form Al,O; porous insulation
films for CRT heaters and studied the phenomenon of film
formation by the electrodeposition of Al,O; from an alcohol
aqueous solution containing dispersed AL,O; particles with
aluminum nitrate and magnesium nitrate as electrolytes.”
As a result, it was found that film formation have a geat
effect on the electrophoresis of ceramic particles onto the
electrode surface, but on the gel-like matter (hereafter re-
ferred to as electrodeposited gel) formed on the electrode
surface by passage on an electric current. Especially in the
case of film formation on surfaces with complicated shapes
such as a coil, a difference in electrolyte composition in the
electrodepositing solution as an origin for electrodeposited
gel causes a substantial change in the morphology of the
electrodeposited gel.

In this paper, the characterization of electrodeposited gel

was tried by Fourier transform infrared photo-acoustic spec-
troscopy (FT-IR-PAS) that the authors found effective in
application to analysis of AL,O; and alumina hydrates,” as
well as by powder X-ray diffraction and differential thermal
analysis (DTA). Moreover, the formation mechanism of the
electrodeposited gel was discussed here based on the above
results.

2. Method of Experiment

2.1. Composition of Electrodepositing Solutions

The electrodeposition process is that a set of metals are
used as electrodes, voltage is applied between both elec-
trodes, and ceramic particles dispersed in an electrodeposit-
ing solution are allowed to migrate to the surface of one of
electrodes thus covering it to form a film. In this program,
a W coil wound to a Mo wire was used as a negative elec-
trode and pure Al as a positive electrode. Figure 1 shows
the appearance of the W. coil.

Table 1 lists the composition of electrodepositing solu-
tions used in this study. An electrodepositing solution gen-
erally consists of the three components; a dispersion
medium, an electrolyte, and ceramic particles such as Al,Os,
while in this work, electrodepositing solutions not contain-
ing ceramic particles were adopted in order to examine the
properties of electrodeposited gel formed by electrodeposi-
tion.

Fig. 1. SEM photograph of tungsten coil electrode.
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Table 1. Components and contents of electrodeposition solutions.

sol.No. 1 2 3 4
“components \
o ethyl alcohol 80 =me
:“: iso-propanol 3.7 nt
= [ aethyl ethyl ketone 2.0 at
i H,O 80 =2
b | dehydrated AL(N0;); | 2.70 g 2.70 & = =
§,§ AL(NO, ), +9H2 0 - - 4.75 & -
S~ | Mg (N0, ) *6Hs 0 2.50 ¢ = = 2.50 g

Among the components of the solutions the composition
of the dispersion medium was the same, mainly composed
of C,HsOH and H,0O. Consequently, the composition of
electrolytes is a single variable factor among those of elec-
trodepositing solutions used in this study. First, electrolyte
components were dissolved in H,O heated to about 50°C
to the extent that crystals could not be detected visually.
This solution was cooled to 20°C and a certain amount of
inorganic solvents such as C,HsOH were mixed to prepare
electrodepositing solutions.

The electrodepositing solutions No.l contained anhy-
drous AI(NOs); and Mg(NOs),-6H,0 as electrolyte compo-
nents. The electrolyte of the No.2 solution was AI(NO;);
resulted from AI(NO;);-9H,0 after dehydration (hereafter
dehydrated Al(NO;)s), that of No.3 AI(NO;);-9H,0, and that
of No.4 Mg(NO;),-6H,O. The molar concentration of Al
in No.1 to 3 solutions was set to the constant value (1.3x10°
mol), and that of Mg(NO;),-6H,0 in No.1 and 3 solutions
9.9x10”mol. Dehydrated AI(NO;); was prepared by adding
a slight amount of H,O to special-grade AI(NO,);-9H,0,
which was thoroughly stirred below 135°C in air, heated at
about 135°C and cooled before use. The reason of adopting
dehydrated AI(NOs); was to control a hydration state in the
solution by removing adsorbed moisture on the surface of
the reagent.” In this program, AI(NO,);-9H,0 and dehy-
drated AL(NO;); were separately dissolved in solvents and
gel structures were compared in order to investigate the
effect of dehydration on the morphology and structures of
gel. The special-grade Mg(NO;),-6H,0 was dissolved in
H,O0 as it is.

2.2. Samples and Sampling

The W coil was immersed in the electrodepositing solu-
tion, connected to a constant voltage power supply, and
charged with current at 80V for 5 ~ 50 seconds. As a result,
sol containing a large amount of the electrodepositing solu-
tion was formed on the surface of the W coil. The coil with
the sol was rinsed in acetone and dried at 50 ~ 100°C to
form electrodeposited gel (hereafter simply as gel). The gel
was obtained by pealing it off the coil. The quantity of gel
by a single charge was not enough for analysis, so that the
operation was repeated. Obtained samples were held in a
desiccator to avoid moisture in air.

Hereafter, the electrodeposited gel samples are called as
No.l ~ 4 gel corresponding to the number of the elec-
trodepositing solution from which they were formed.

2.3. Method of Analysis

Powder X-ray diffraction patterns were obtained with a
wide angle X-ray diffraction system (Rigaku Denki; RU-
200) using Cu as a target. Cations in the electrodeposited
gel were determined quantitatively by atomic adsorption
spectrometory after dissolving it in dilute nitric acid. DTA
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was performed with TG/DTA-300 produced by Seiko Elec-
tric Industries. About 0.05 gram of a sample was charged
in the Al,Os crucible, and obtained TG and DTA curves were
obtained at a heating rate of 5°C/min introducing air with a

flow rate of 100ml/min. A reference substance was fully-

dried a-A1203.

Moreover, PAS was carried out with a 170SX Fourier
transform infrared spectrometer (NICOLET). Closed con-
tainers to house powder samples were cells (MODEL200)
produced by M Tech. The outline of this system is omitted
since it was stated earlier.” A sample (0.1-0.2g) was
charged in a sample container in the system, and its spec-
trum was obtained while performing the correction of light
source energy by the spectrum of a perfect absorber using
carbon black. Further, the appearance of the elec-
trodeposited gel was observed with a scanning electron mi-
croscope (SEM X-650, Hitachi, Ltd.)

3. Resutls and Discussion

3.1. Morphology and Electrodeposition Properties of
Electrodeposited Gel

Figure 2 shows SEM images of gel formed on the W coil
from each electrodepositing solution as well as a schematic
diagram for gel morphology. In the diagram, W denotes the
W coil, and Mo the cross section of a Mo core wire to retain
the shape of the W coil. In the photos in Fig.2, gel has
microcracks which developed after drying, and the diagram
gives conditions before drying.

The morphology of gel is classified largely into a type
depositing with almost uniform thickness according to the
winding geometry of the W coil, and that growing only on
the W coil wire. The former includes the cases of AI(NOs);
electrolytes (No.2 and 3 electrodepositing solutions), while
the latter the cases of Mg(NOs), electrolytes (No.1 and 4

configurations

electrolytes (schematic)

* SEM images of gels

dehydrated
1| Al (NO3)3
+

Mg(NO3)26H20

dehydrated
2| N3l

3| AlNO3}39H20

4 | Mg(NO3)6H20

Fig. 2. SEM photographs and schematic configurations of the gel
electrodeposited on the coil-type electrodes.
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electrodepositing solutions). The No.1 electrodeposited gel
provides both features of AI(NO;); and Mg(NO;), electro-
lytes.

As stated above, the difference of electrolyte used
(AI(NOs); or Mg(NOs),) make a great difference on gel
morphology. It has also been found that this gel morphol-
ogy affects the shape of ALO; films electrodeposited using
these electrolytes.

Figure 3 presents a relationship between current per unit
surface area of the W coil and deposition period when gel
was formed by each electrodepositing solution. Applied
voltage was 80V (constant), and electrode distance about
15mm. Current decreased with an increase in charging
time, which means that gel formation on the W coil height-
ens electric resistance.

3.2. Results of X-ray Diffraction and Quantitative
Analysis

Figure 4 shows the results of X-ray diffraction with elec-
trodeposited gel. No.l and 2 gel samples have weak dif-
fraction peak at lower diffraction angles, with similar
diffraction pasterns. Moreover, the broad diffraction line
width suggests glassy structures. As in Fig.4, the No.3 gel
sample has diffraction peaks at 26=40°-80° which agree
with those of o-Al, O3, proving that the compound is con-
tained. As stated above, it was found that the structure of
formed gel is greatly different between hydrated and an-
hydrated salts even with the same AI(NO;);. On the other

(A/cm2)
® 3 &

Current Density
o

No.4

4
2) No.2
No.3
Oz 3 L 3
Time (s)

Fig. 3. Relationship between current density and deposition time.
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hand, the No.4 gel had diffraction peaks as marked with O
and @ in Fig.4, which were in good agreement with those
of Mg(OH), and MgAl,(OH)s:(4.5H,0) suggesting the
presence of both compounds, while peaks with the sign ?
were not identified.

In the next step, electrodeposited gel was heated at
1000°C in air and identified by X-ray diffraction. The re-
sults are shown in Table 2. Two components could be
identified from each substance obtained by heating No.1, 2,
and 4 gel samples, so that they were listed in Table 2 as a
main or secondary compound according to the relative ratio
of the peak size. Only a-Al,O; was identified from the
heated No.3 gel sample. In comparison between heated
No.1 and 4 gel samples, both had MgO and MgAl,0O,, and
yet in the No.1 gel the diffraction peaks for MgAL,O, were
higher than those for MgO, while in the No.4 gel the result
was opposite. This indicates that the No.1 and 4 gel samples
have two kinds of cations (Al and Mg) and the No.4 is richer
in Mg than the No.1. Further, No.2 and 3 have a single
cation (Al) but products after heating are not the same.
Table 3 summarizes changes with time in Al and Mg con-
centration of No.4 electrodepositing solution while forming
gel on the W coil. A single batch means electrodeposition
for a piece of W coil 15mm long at 80V for 5 seconds. The
amount of gel sampled in this study is almost equivalent to
250 batches in this table. The results clearly show an in-
crease in Al concentration by repeated electrodeposition.
This indicates that Al dissolves from the Al anode during
charging to change the composition of electrodeposited gel.

Table 4 lists the results of quantitative analysis with cat-
ions in the electrodeposited gel, accompanied by the amount
of Al and Mg in the raw electrodepositing solutions. The

Table 2. Components identified from gels heated at 1000°C.

gel main sub

No.1 MgAg,0, MgO
No.2 §—AL2,0, e,y —AL.0,
No.3 e—AL,0, =

No.4 MgO MgAp.0,

Table 3. Al and Mg content changes in electrodeposited solutions
of No.4 series. Unit of contents of gels and solution are wt.% and

-}
< No3
= o
o
> o
= 2 M, @
| od-AlR03
< ? M,
& o No4
L © Mg(OH)2
56 ® MggAl(OH)g|
: . ? +(45H70)
o 9
L] L3
o
\ A T
% 70 0 B0 L
29 (Cu-K«)
Fig. 4. Powder x-ray diffraction patterns of the gels

trodeposited from each solution and dried at 100°C.

mg/l.

No. Ag Mg
initial <0.01 1520
5 batch 1.28 1510
50 batchs 1.72 1460
250 batchs 8.86 1460

Table 4. Al, Mg and unsolved Al contents in electrodeposited gels.

Unit of contents of gels and solution are wt.% and mg/l.

gel No. Al Mg unsolved Al

gel No. 1 10.8 6.43 =
sol.1 2150 1580

gel No.2 31.0 0.004 =
sol.2 2180 (<0.01

gel No. 3 18.3 0.014 2,13
sol.3 2175 (<0.01

gel No.4 3.03 27.6 &
sol.4 <0.01| 1520
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concentration Al/Mg ratio of the No.1 gel is greater than the
Al/Mg ratio of the raw solution, supposes that it comes from
the contamination of Al from the electrode and a difference
in an electrode reaction rate between AI(NO;); and
Mg(NOs),. A substance which, was not decomposed by
dilute acid was detected from No.3 (expressed as insoluble
Al in Table 3), and this is considered to correspond to a-
ALO; in No.4 identified by X-ray diffraction. Moreover,
the amount of Al is lower than that in No.2, indicting that
the amount of anions in gel is relatively great.

3.3. Results of TG and DTA

Figures 5 and 6 present DTA and TG of each elec-
trodeposited gel sample in this study. There are some re-
ports which surmised that the gel formed from
electrodepositing solutions with aluminum nitrate as an
electrolyte has a structure close to either the existing alumi-
num hydroxide or alumina hydrates.é‘” In regard to known
substances, TG and DTA for amorphous aluminum hydrox-
ide and alumina hydrates were already reported by Sato et
al. in detail®>'® and the results were compared with those

ifference
exthotherm. —=

perature d

Tem
endotherm:

,  3e3lt | \
20 200 400 600 800 1000 1200
Temperature ¢°c)

Fig. 5. Differential thermal analysis curves of the deposited gel,
10)

phseudo-bohmite amorphous  aluminum hydroxide'® and

Mg(OH),."”

K]

S

Weight 'l\c).:ss

No.4
412 O D 483

g 8

0200 40 600 800 _ 1000 T
Temperature (°C)

Fig. 6. TG curves of the deposited gel, phseudo-bohmite,'” amor-
phous aluminum hydroxide and Mg(OH),."”
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of this study. In addition, the results of Mg(OH), are given
in the figure for comparison with the No.4 gel. SB and
AAH in the figure are TG curves for pseudo boehmite and
amorphous aluminum hydroxide.

The temperatures of endothermic reaction of the No.1 gel
(115°C and 450°C) are relatively close to those of pseudo
boehmite. With reference to discussion by Sato et al. the
endothermic reaction at 115°C is considered to be caused by
the desorption of adsorbed water as well as the slight endo-
thermic reaction at about 450°C by the desorption of resid-
ual water molecules and dehydration by OH groups. The
endothermic reactions of the No.2 gel at 188°C and of the
No.3 gel at 109°C are probably due to the desorption of
adsorbed water, and yet further behavior of the decomposi-
tion of No.2 and 3 gel cannot be surmised by the results of
known substances.

According to Hamano," endo-thermic peaks in DTA
with Mg(OH), are at 150°C (weak) and 400—-420°C (strong).
In addition, the weight loss as a result of the following
reaction is reported to be about 33% at 500°C."

)

Mg(OH), > MgO +H,0 . . .. ....... )

While the weight loss of No.4 gel at 500°C is as high as
47%, and endothermic peaks are located at lower points
(99°C, weak; 383°C, strong) than those of Mg(OH),. Con-
sidering these two facts, the content of water and hydroxyl
groups in the No.4 gel is higher than that of Mg(OH),,
suggesting weak bonding between —OH and Mg.

3.4. State of Anions in Gel

Figure 7 shows the results of PAS measurement of elec-
trodeposited gel dried at 100°C. Each of the four gel sam-
ples has a broad absorption peak at 2800-3700cm.” This
is ascribed to the stretching vibrating v(OH) of ~OH bond-
ing, and yet the considerably broad width means that the
structure of electrodeposited gel in this study has poor reg-
ularity. Particularly, a spectrum obtained from the No.3 gel
provides an absorption range at 2800-3600cm™ broader
than those of No.1, 2, and 4 gel samples. This is indicative
that in —OH bonding constituting the No.3 gel the deviation
of bonding force between O and H is greater than that of
other gel — in other words, —OH bonding has high random-
ness. In particular the peak extends to the side of low
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Fig. 7. FT-IR-PAS spectra of the deposited gel dried at 100°C and
Mg(OH)..
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wavenumber, suggesting that there is relatively more ~-OH
bonding with weak bonding force between O and H.

In the spectra of No.1, 2, and 3 gel samples, asymmetric
absorption peaks are almost commonly present near @
1300-1400cm.” ® 1400-1500," and ® 1600cm™ in addi-
tion to the above-stated @ 2800-3700cm.” The peak @
probably originated from complicated absorption by the
stretching vibration of -NO,, v(NO,), that of -NOs, v(NO3),
and the deformation vibration of N-OH, §(N-OH),”*™® @
from the in-plane deformation vibration of -OH, 8(OH), and
@ from the stretching vibration of -NO, due to nitrates
V(NO,). Consequently, all of these gel samples are sup-
posed to contain —OH, —NO,, and —NO;.

The spectrum of the No.4 gel also has an absorption peak
at 2800-3700cm.” In Fig.5 the spectrum of reagent special-
grade Mg(OH), (brucite) is shown with a broken line. In
comparison, it can be judged that absorption at 3700cm’
(stretching vibration of —OH, this —OH forms a laminar
structure coupled with Mg®*) is weak though the spectrum
of No.4 gel at 2800-3900cm™’ resembles that of Mg(OH),.
The absorption peaks at 1300~1650cm™ denoted by ® and
in the figure are weaker than that of Mg(OH), so that the
structure is supposed to have relatively weak in-plane de-
formation vibration of —OH.

The results of various analyses were summarized to ob-
tain the following qualitative information on the structure
of each electrodeposited gel sample.

The No.1 gel probably has a structure in which H,O and
ions such as —OH, -NO,, and —NO; are arranged at random
around Al and Mg; the No.2 gel a structure with H,O and
ions such as —OH, —-NO,, and —NO, as in the case of No.1,
arranged randomly around a single cation (Al ion); and the
No.3 gel a structure with randomly arranged Al ion, H,0,
and other ions such as —OH, —-NO,, and —NO; as well as
locally a structure connected weakly with the crystal group
of a—ALO; and —OH, -NO, or -NO;. The No.4 gel is
relatively similar to Mg(OH), and yet it can be judged as an
amorphous substance that —-OH, -NO; or —NO, is combined
irregularly with Mg.

As a result of the above analyses, it is concluded that
each electrodeposited gel has an amorphous structure
though with substantial differences. Previously, the sub-
stance depositing on the cathode by the electrophoretic de-
position of alcohol aqueous solutions (corresponding to
electrodeposited gel in this study) was believed to be a
hydroxide,”® while various analyses in this work practically
revealed that it is not a simple hydroxide but of an amor-
phous structure including various anions in the solvent.

The results of FT-IR-PAS indicated that electrodeposited
gel contains nitrate ions, and aluminum nitrate is dissolved
in the solvent as a complex ion,*'*'® so that Al ions in the
solution probably contributed to electrodeposition as a form
of complex ions.
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4. Conclusion

In an attempt to clarify the electrophoretic deposition of
ceramic particles, gel samples electrodepositing from alco-
hol solutions containing aluminum nitrate and magnesium
nitrate to coil electrodes were obtained to perform qualita-
tive analyses by powder x-ray diffraction, DTA, and PAS.

Gel samples electrodepositing from the alcohol solution
with anhydrous AI(NO;);+Mg(NOs), as electrolytes to the
W coil as well as from the solution with only dehydrated
AI(NO;); provide structures in which Al and Mg combine
with a large amount of —OH, and moreover there is little
regularity among contained —NO;, -NO, and H,0.

The gel from AI(NO;);:9H,0 solutions is of an amor-
phous structure with Al and —OH, -NO,, or —-NO; as well
as a local a-Al,O5 structure.

The gel from Mg(NO3), solutions is composed of Mg
ions in the solution and other anions and resembles the
structure of Mg(OH),, though a slight amount of Al dissolv-
ing from the anode is contained in some cases.
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Slow crack growth (SCG) of mullite ceramics was
studied by a double cantilever beam (DCB) method. Two
types of mullite were fablicated from a high-purity mul-
lite powder and sintered at 1650°C for dense-type
specimens (porosity=2.9%), and at 1575°C for porous-
type ones (porosity=20.6%). In the DCB testing, crack
opening displacements (COD) and applied loads were
stored in a computer for detailed analysis. Crack
lengths, K values and crack velocities (V) were then cal-
culated with the computer using the stored digital data.
The relationship between the compliance and the crack
length for this specimen geometry (4.5Smmx15mmx60mm
with a 20mm-long notch) was obtained using several
specimens with different crack lengths. K values of two
types of mullite were estimated as 2.05MPam'”? (dense-
type) and 1.4MPam'”? (porous-type). Mullite was tested
in the water, the air and the dry N, gas. Mullite showed
stress corrosion cracking affected by H,O. It was found
that the plateau regions in K-V diagrams for two dif-
ferent types of mullite appeared in different velocity ran-
ges. The velocity ranges of the two types of mullite were
10*m/s for dense-type and 10°m/s for porous-type,
respectively. This could be explained by the diffusion of
H,O0 gas through continuous pores.
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1. Introduction

Mullite ceramics is considered potentially useful as high
temperature structural materials and could replace conven-
tional high temperature structural materials of alumina
ceramics. Therefore, they have been studied on their
properties and applications in various aspects. Several ef-
forts have been made from the aspect of material manufac-
turing, such as the manufacturing of stoichiometric mullite
powders using the coprecipitation method” and other
methods, and the development of various composite
materials reinforced with SiC whiskers and other fibers™”
aiming at the improved toughness. Other studies from the
aspect of evaluation of material properties are researches on
strength and toughness at normal and high temperatures,*”
on creep characteristics,” on corrosion in hot water,” and so
forth.

It has been recently reported that mullite shows stress
corrosion cracking by HZO,‘” in the same manner as SiO,

glasses.”  According to this report, mullite was found to
fracture as a linear elastic body in the environments of air,
xylene and water, and was also found to be affected by stress
corrosion by water. Stress corrosion cracking is closely
related to crack propagation velocity, therefore, one must
not only evaluate the K¢, but also investigate Slow Crack
Growth (SCG) behaviour. For the evaluation of crack
propagation characteristics, specimens for the fracture
toughness test are generally used because they are well-
suited to stress analysis. Among various test specimens
such as the double cantilever beam (DCB) test,g’ the Chev-
ron notch bending test,'m the compact tension (CT) test,”)
and the double torsion (DT) test,'® the DCB test specimens
have conventionally been used for observation of crack
propagation behavior in the case of glass materials. The
DCB specimens have the characteristics that the relationship
between stress and crack length is stable in a relatively wide
range, and that the crack tip is straight and perpendicular to
the surface of the specimen. Because of these charac-
teristics, the derivation of K value had been investigated in
detail. Therefore, the DCB test is considered more suitable
for the quantitative evaluation of crack propagation charac-
teristic than other tests such as the Chevron notch bending
and the DT test.

In this study, the authors investigated fracture toughness
of mullite ceramics and their crack propagation velocity
dependence under various conditions using the DCB test,
and clarified stress corrosion characteristics and the effect
of pores on these characteristics.

2. Experimental Procedure

2.1. Preparation of Test Specimens
Figure 1 shows the preparation procedure of mullite

‘Mul\ive powder—J Disvil\ed water l
Binder (PVA)

Fig. 1. Sintering process of mullite.

120 x 120 x 30 mm'
50 mPal >

120 x 240 x 30mm

120 MPa
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ceramics. Starting with the raw materials of commercially
available high-purity mullite powders (manufactured by the
sol-gel technique, in content of Al,0=71.80%,
Si0,=28.05%), and firing at 1,575°C and 1,650°C for 2
hours in the air atmosphere. Bulk density of the specimen
was measured using the Archimedean method and the
average porosity of the specimen was calculated from the
ratio between the measured bulk density of the sintered
specimen and the true specific gravity of the mullite powder.
The two types of sintered bodies were a porous one having
porosity of 20.6% (sintered at 1,575°C) and a dense one
having porosity of 2.9% (sintered at 1,650°C). As shown in
Fig.2, the test specimens were prepared by machining in the
geometry of 4.5x15x60mm with side groove on both sides
of 0.8mm in width and 1.1mm in depth. The slit of 0.3mm
in width were machined into the spcimen instead of initial

Side groove Notch
73
o
60

Fig. 2. DCB(Double Cantilever Beam) specimen geometry.
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Fig. 3. Schematic diagram of DCB testing system. Na gas is
filled in the flexible cover to control the humidity.
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Fig. 4. Typical load-COD curves of two different types of mullite
during loading and unloading. (a) dense-type (b) porous-type
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crack
2.2. DCB Test

2.2.1. Testing System

Using a universal testing machine, the specimens were
pulled through holes drilled on the beam of the test
specimen. The change of crack opening displacement
(COD) at the loading point were measured by using the clip
gage which grasped the specimen from outside, and the
change of load by using the load cell. These measured data
were stored in a digital storage oscilloscope, from which
they were transferred to and recorded into a computer for
later calculation.

Relative humidity in the test atmosphere of air was 65%.
In the case of test in the nitrogen (N,) atmosphere, a
flexible cover made of vinyl chloride of 0.2mm thick was
used to cover the specimen, as shown in Fig.3, and filled
the cover with dry nitrogen gas (with H,O concentration of
less than 5ppm) in order to provide a dry testing condition.
In order to provide a submerged condition in water, the
distilled water was supplied continuously from the outside
to the slit part and the side groove part of the specimen. All
of these tests were carried out in the temperature range of
2312°C

2.2.2. Constant Displacement Rate Test

After a pop-in crack was introduced in the specimen by
pulling it at a cross-hend speed of Spum/min, the load was
reduced by approximately 30% in order to stop the crack
propagation, and then pulled it again at a constant displace-
ment rate. The reduction ratio of load was controlled so that
the loading-unloading curve did not show any hysteresis.
The displacement rate was 20um/min as the standard.
However, two other rate of 5 and 500pm/min were applied
in order to change the range of crack propagation velocity.

2.2.3. Constant Displacement Test (Stress Relaxation
Method)

The test of constant displacement type was carried out in
order to measure the behavior of the material in the further
slower range of crack propagation velocity. A predeter-
mined load was applied in the same condition as the stand-
ard DCB test, and then the crosshead was fixed at the
position. The load decreased with the crack propagation, so
the strains accumulated in the testing machine and the jigs
were released and the COD slightly increased. Therefore,
a complete constant displacement condition was not realized
by this testing method.

2.3. Measurement of Elastic Modulus

Using the bending test specimen of JIS specification,
Young’s modulus was measured by using the strain gauge
method. The 4-point bending test with the outer-span of
30mm and the inner-span of 10mm was calcurated, and the
strain was measured with a strain gage (gage length of
Smm), which was adhered on the specimen at the center of
its tensile side.

2.4. Fracture Toughness Test

The fracture toughness (Kic) values were measured by
using the single edge precracked beam (SEPB) method"’
and the chevron notch bending test method.""

In the case of the SEPB test, the K¢ value was calculated
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from the maximum load and precrack length. In the case
of the chevron notch bending test, the crack length was
obtained from the COD, and then the K- value was calcu-
lated at the transition point to the unstable fracture, instead
of at the P, point."”

3. Results and Discussion

3.1. Load-COD Curves

In order to investigate the linearity in fracture of mullite
ceramics, the loading-unloading test was carried out by
using the DCB testing method. Figure 4 shows the load-
COD curves of two different types of mullite, namely,
dense-type and porous-type.

It is seen that all of the direction of unloading are
focussed to the origin. This implies that there are no
residual strains caused by grain bridging and micro-crack-
ing, which are reported to exist on the fracture surface in
the case of alumina ceramics. Consequently, mullite
ceramics were confirmed not to show non-linear fracture
behavior. The fracture surfaces observed by a scanning
electron microscope (SEM) (shown in Fig.5), were relative-
ly flat resulting from the mixed of transgranular and inter-
granular fracture.

3.2. Calculation of Crack Length

The linear relationship between crack length and com-
pliance of mullite were confirmed so that the crack length
can be calculated from the change of the compliance.
Usually, a master curve for the relationship between com-
pliance and crack length is prepared by using several test
specimens with various notch lengths, and the crack lengths
are obtained on this curve in correspondence with the com-
pliances measured.” In the present study, however, a
dimensionless conpliance and crack length master curve (as
shown in Fig.6) were prepared with 4 pieces of dense-type
mullite specimens. The determination of the crack length
was carried out using a penetration-type crack detection
technique after unloading during crack propagation. This
method was similar to that used in the case of fatigue
crack.”™  Young’s moduli measured by the strain gauge
method were 112GPa for the dense-type mullite and
65.6GPa for the porous-type one. As previously described
in Section 3.1, mullite ceramics do not exhibit the non-linear
fracture. Thus, the crack length were determined from the
change of compliance and the Young’s modulus using the
master curve. It was also found that this master curve can
be approximated by equation (1), which is a cubic curve for
simple beam.

u=8aP/EBH) . ................ (1)

u: COD,

a: crack length,

P:  load,

E:  Young’s modulus,

B: thickness of specimen,
H: height of beam

3.3. Preparation of K-V Diagram

The crack propagatin per unit time (crack propagation
velocity) was calculated using the time dependance of load
and COD. K, values at various time points were calculated
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using equation (2) proposed by Foote et al.®

KB _ 52y 0673 |+ (2 :
P ho T Ta

0.619

a
- [0.815[;]
B'=Bb)7 .. (3)

In taking account of the effect of side grooves, the plate
thickness was assumed by equation (3), which was ex-
perimentally confirmed as adequate by Wiederhorn et al..'”

By plotting the K; values and the crack propagation
velocities at various time points, the K-V diagram was
prepared.

=1
+ 0.429] ..... (2)

3.4. Validity of Loading Condition

SCG characteristics of materials are generally evaluated
by paying attention to the loading velocity dependence. In
both bending and fracture toughness tests, for instance, SCG
characteristics closely depend on the loading velocity. In
the present experiments, the time dependences of the crack
lengths were measured and the results were compiled as a
function of crack propagation velocity, so the difference in
loading rate resulted in the difference of crack acceleration
and maximum crack propagation velocity. However, in the
case of the constant displacement velocity test, dK/dt be-
comes relatively lower with increased crack length, so dis-
placement rate at the loading point is not so important.

Rather important is the relation between the respective
K-V characteristics which were measured (1) in the process
of crack acceleration, (2) in the condition of constant crack
velocity, and (3) in the process of crack deceleration.

Meanwhile, Evans reported in his DT(double torsion) test
using silica glasses that K-V diagrams respectively

et Sum g
Fig. 5. SEM photographs of fracture surfaces. (a) dense-type
and (b) porous-type

2000r =]
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Fig. 6. Master curve of compliance-crack length relation. Crack
length can be calculated from each compliance value using this
master curve.
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measured by the constant displacement rate test and by the
constant displacement test (relaxation test) agreed with each
other.'” In the case of the constant displacement rate test,
he carried out the DT tests applying a variety of constant
displacement rates, from which the K;-V diagram was deter-
mined. This diagram shows the K-V characteristics in the
condition that cracks propagate at a constant velocity. In
contrast, the K-V diagram determined by the constant dis-
placement test indicates the K-V characteristics in the
process of crack deceleration.

In the present study, two types of test were carried out;
the constant displacement rate test (which corresponds to
the test made in the process of crack acceleration in the
present experiment) and the stress relaxation test (which
corresponds to the test made in the process of crack
deceleration in the present experiment), and successfully
measured the K-V characteristics in the same crack velocity
region, though it was in part of the whole crack velocity
range. Figure 7 shows the typical measured results, in
which the results from both tests were plotted nearly along
the same line. Thereby, it was confirmed that the K-V
diagrams for mullite ceramics in the respective stages of
acceleration and deceleration of crack propagation nearly
agreed with each other within the range of experimental
error. However, it is very important to recognize that the
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Fig. 7. Comparison between K-V diagrams of loading and
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relaxation tests. Similar diagrams were obtained in both tests.
(a) and (b) porous-type mullite in water (c) and (d) dense-type
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respective cracking behaviors in the process of accelera-
tion, at constant velocity and in the process of deceleration,
give different physical implication; also, no K-V diagram
obtained indicates the state in equilibrium.

In the present experiments, we applied the constant dis-
placement rate test in high velocity range and the constant
dis-placement test in the low velocity range, and compiled
the test results into a single K-V diagram.

3.5. Influence of Continuous Pores on The Crack
Propagation Characteristic

Figure 8 shows the K-V diagrams of porous-type mullite
ceramics (porosity: 20.6%) and Fig.9 shows those of dense-
type mullite ceramics (porosity: 2.9%). Plateau regions,
which suggest the stress corrosion characteristics, are clear-
ly observed in both figures. The respective Kic values deter-
mined by the SEPB test and the chevron notch bending test
are given on axis X in both figures.

From the studies on glasses by Wiederhomn et al.* for the
K-V characteristics, and by Freiman et al."® for the chemi-
cal reaction at crack tip, the chemical reaction at crack tip
was described as shown in Fig.10. It seems the same
chemical reaction at crack tip as shown here take place also
in the case of mullite ceramics. Evans et al.”” reported the
presence of a plateau region in the K-V diagrams of alumina
ceramics of 95% purity, but they did not include the inves-
tigation on the chemical reaction in this system. The study
on the stress corrosion of ceramics, including alumina
ceramics, will become more important in the future.

The K-V diagram is divided into three regions, amely,
region I of low crack velocity, region II of plateau, and
region III of high crack velocity. It has been proposed® that
region I corresponds to the region where the velocity of
chemical reaction at the crack tip is dominant to crack
propagation. In other words, stress corrosion dominates
crack propagation. Region II corresponds to the region
where the diffusion velocity of corrosive component and the
velocity of crack propagation compete with each other.
That is, the balance between mechanical and chemical fac-
tors prevail in the region. Region III corresponds to the
region where the diffusion velocity of corrosive component
is behind the velocity of crack propagation, such that
material fracture is caused exclusively by mechanical fac-
tors.

It was observed in the K-V diagrams in Figs.8 and 9 that
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Fig. 8. K-V diagrams of porous-type mul- Fig. 9. K-V diagrams of dense-type mullite Fig. 10. Chemical reaction model' at the
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both dense-type and porous-type mullite ceramics were frac-
tured in region I in the case of DCB tests in water. The
lower end value in this region I corresponds to Kisee in
general. In the case of tests in an N, atmosphere, both
dense-type and porous-type mullite ceramics showed the
velocity in the plateau region about 1 figure lower than that
in the case of tests in an air atmosphere. Compared to test
results with silica glasses by Wiederhorn et al.” these
velocity values seem to be rather high as data measured in
a dry condition as H,O partial pressure of Sppm (relative
humidity of less than 0.02%). We suppose such high
velocity values were caused by a higher H,O partial pressure
in the N, atmosphere . Because of the structural feature of
the flexible cover used in the testing system, it was difficult
to apply vacuum suction to the air in the cover initially. And
N, gas flow was supplied into the cover to purge the air;
in this way the H,O partial pressure in N, atmosphere in the
test is supposed to have increased.

A big difference in the fracture behavior between porous-
type and dense-type mullite is seen in the velocity in respec-
tive plateau regions. A schematic model, as shown in
Fig.11, is proposed to rationalize this different behavior. In
the case of dense-type mullite ceramics, H,O gas diffuses to
the crack tip only through the crack opening, as shown in
Fig.11(a). However, in the case of porous-type mullite
ceramics which are given with the continuous pores from
the specimen surface, not only H,O gas easily diffuses to
the crack tip through these pores with the crack generation,
but also H,O gas initially contained in the pores reaches the
crack tip in a shorter time, as shown in Fig.11(b). Thus, the
diffusion of H,O gas appears to be faster. These are as-
sumed to be the reasons for the different velocity in respec-
tive plateau regions in the two different K-V diagrams as
afore-mentioned.

3.6. Correlation Between K;-V Characteristics and
Fracture Toughness Test Results

Table 1 shows the respective measured results of fracture
toughness by the DCB test, the SEPB test and the chevron
notch bending test. Kic is defined as the K; value at the
point in region III, where a fracture suddenly takes place
after cracking is rapidly accelerated. Compared to the K¢
values measured by the DCB test, this value for porous-type
mullite ceramics and that for the dense-type ones both
measured by the SEPB test were lower by 30% and by 20%
respectively. The K¢ values measured by the chevron notch
bending test were relatively close to those measured by the
DCB test. It is considered that one of the reasons for the
lower K¢ values in the case of the SEPB test is that due to
SCG (slow crack growth), cracks propagate under the stand-
ard loading condition (loading velocity: 0.5mm/min) in the
SEPB test before an unstable fracture occurs, thereby, the
crack length at the time of final fracture cannot be measured
exactly.

Figure 12 illustrates the influence of the plateau to the
SEPB test results conceptionally. That is, along with the
increase of load, K, value increased, and when it reached
Kisce, cracks started to propagate slowly. At the time point
when the crack length became a+Aa and the K value reached
Kic, the cracking behavior transitted to unstable fracture and
reached a final failure. Immediately before the final failure,
it is assumed that there is a region in which the crack
propagation velocity becomes constant in correspondence to
the plateau in the K-V diagram. If the displacement
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velocity of the testing machine is not sufficiently high, Aa
becomes larger, and K¢ is resultingly underevaluated. As
previously described, the crack propagation velocity in the
plateau region differed by one figure between porous-type
mullite ceramics and dense-type ones, so the porous-type
mullite ceramics tend to give a larger Aa, and resultantly
cause a wide decrease in the apparent K; value.

When the SEPB test is applied for the evaluation of
fracture toughness of the materials which show the SCG, it
is necessary to carefully examine the testing condition ap-
plied. When the SEPB test is applied for the evaluation of
fracture toughness of the different materials which show
different crack velocity in respective plateau regions, the
evaluated values, even if they were measured under the
same testing conditions, cannot be compared with each
other immediately without special care. Additional evalu-
tion on the crack propagation velocity to the materials will
be required, preferably by measuring the COD or by reading
the actual crack propagation. Similar special care is neces-
sary in the case of the chevron notch bending test. The
stable crack growth and the acceleration of cracking after
Prax point depend on whether the crack propagation velocity
at P, point belongs to the velocity in region I or that in
region II. As a result, the K; value calculated on the basis
of P, is not always equal to the K;c value. Thus, to study
the materials which apparently show stress corrosion be-
havior, it seems a special evaluation method on the materials
characteristics is necessary by which the K;-V charac-
teristics can be examined in detail.

. Hzo(g)
Mullite Ypore
————=—H,0(@) Y:j—~—HZO(g)
N
krach H0(g)

(a) Dense-type (b) Porous-type

Fig. 11. Schematic model of gas diffusion in two types of mul-
lite. In the porous-type mullite, HO gas diffuses faster along
many pores.

Table 1. Fracture toughness measured by DCB method, SEPB
method and chevron-notch bending method.

i Fracture toughness measurement method
SpeciT tips DCB SEPB Chevron notch
(Porosity (%)) | (MPavm) | (MPasm) | bending (MParm)

Dense - type
159 P 2.05 1.66 2.03
Porous-type
(20.6) 1.40 0.90 .08
XFailure
£
2 - Kic
&
x 99-constant
o 5 (plateau)
& Kiscc
Time

Fig. 12. Schematic model of slow crack growth in the SEPB(Single
Edge precracked Beam) testing.
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4. Conclusion

Through the investigation of compliances during unload-
ing in the DCB test, mullite ceramics were found fracture
as a complete elastic body, and K;-V diagrams were
prepared by using a master curve for compliance-crack
length relation of the previous DCB test specimens.
Through the examination of these diagrams, the following
conclusions were obtained.

1) From the test results respectively carried out in air, N,
gas and water, mullite ceramics were confirmed to be
affected by stress corrosion caused by H,O gas com-
ponent.

2) Fracture toughness values of porous-type mullite
ceramics and dense-type ones were respectively obtained
as 1.4 and 2.05MPa-m'?. Crack velocity values in region
IT (plateau region) of these two different mullite ceramics
tested in air were respectively obtained as approximately
10°m/s for the porous-type mullite ceramics and ap-
proximately 10*m/s for the dense-type ones. These
results differed due to the difference between the respec-
tive porosities.

3) A model was proposed to explain the reason why the
crack velocity in region II for causing stress corrosion
differed between the dense-type mullite ceramics and the
porous-type ones. It was attributable to the effect of con-
tinuous pores in the latter ceramics as the passage for
diffusion of H,0 gas.

(This paper was presented at the Annual Meeting of the Ceramic Society
of Japan in May 1990.)
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To clarify the effect of microstructure on crack growth
behavior in Si;N, ceramics, fracture toughness and three
point bending tests have been carried out for pressureless
sintered (PLS) and hot-pressed (HP) Si;N, specimens. As
to the hot-pressed Si;N, ceramics, the specimens were cut
out parallel (HP-TL) and perpendicular (HP-SL) to the
hot-pressing direction respectively for studying the
anisotropy of mechanical properties. Microstructures
subsequent to crack growing were characterized on the
fracture surface and in the process zone wake by optical
and scanning electron microscopies. The anisotropy was
discernible in fracture toughness and bending strength,
but hardly in microhardness. The process zone wake
was damaged more severely in the HP-TL specimen than
in the HP-SL one. The X-ray diffraction line profiles
and pole figure analyses showed a preferred orientation
of the B-phase in hot-pressed Si;N,. The HP-TL
specimen had a fracture toughness and a bending
strength about 10 percent greater than the HP-SL
specimen. Pulling-out of elongated grains was more fre-
quently observed on the fracture surface of the PLS
specimen. The results obtained were discussed in con-
nection with the preferred orientation of elongated -
phase grains from the microstructural points of view.
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Key-words: Microstructural analysis, Anisotropy, Fracture
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1. Introduction

Si;N, forms elongated crystal grains of B-phase when it
is fired. Lange” reported that in the case of hot-pressing
Si3N, ceramics ¢ axis of elongated B-phase crystal grains
had a tendency of being oriented perpendicular to the press-
ing direction with mechanical properties showing anisotropy
of about 20%, and that the changing of the forms of crystal
grains from an equi-axial type to an elongated type resulted
in increasing the fracture energy of Si;N, ceramics by about
4 times and the strength by twice.

On the other hand, the anisotropic properties of the
mechanical strength is often attributed to the anisotropy of
fracture energy when fracture is developed from a potential
flaw or inclusions in the materials.>” However, neither
theory has come so far as to be established on the origin of
strength anisotropy. Moreover, these are chiefly results of

investigations on bending strength; reports on other proper-
ties seem scarce.” Thus accurately understanding the
properties of conventional materials is extremely important
as a basies for using those materials as well as developing
new ones.

Our study is intended to clarify the fracture mechanism
of pressureless sintered and hot-pressed Si;N, in relation to
their microstructures. Particularly, as to hot-pressed Si;Ny
ceramics, specimens were cut out in two different directions
to the pressing direction and, for each specimen,
anisotropies of fracture toughness, bending strength and
hardness were investigated and microstructural observations
were made of the fracture surface and the periphery of
cracks. Based on comparison with those of pressureless
sintered ceramics, the results will be investigated in connec-
tion with the preferred orientation of elongated P-phase
grains from the microstructural points of view.

2. Experimental Procedures

As specimens, pressureless sintered (TSN-03) and hot-
pressed (TSN-02) ceramics of Si;N4-Y,0;-ALO; system
manufactured by Toshiba Corp. were used. To investigate
the anisotropy of crack growth properties, SB (Short Bar)
specimens with a chevron notch for fracture toughness test
were prepared from the hot-pressed (HP) Si;N, ceramics in
the shape and dimensions as shown in Fig.1. The shape of
notch is a,=6.35mm in depth, t=0.4mm in breadth and
0=58.0° in the point angle. Two kinds of specimens were
cut out; one (TL) with a test load direction perpendicular
and a fracture growth plane parallel to the hot-pressing

Fig. 1. Shape and dimensions of short bar (SB) specimen with
chevron notch. p=6.35mm and /=0.4mm.
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direction, and the other (SL) with a test load direction paral-
lel and a crack growth plane perpendicular to the hot-press-
ing direction (Fig.2(a)). For fracture toughness tests, a
fractometer manufactured by Terra Tek was used. With this
measurement apparatus, digital K,c values are output calcu-
lated on the basis of maximum load. The experiments were
conducted by simultaneously recording the relationship be-
tween test load and load point opening displacement. Bend-
ing tests were conducted for at least 10 specimens of
respective ceramics based on the three-point bending
method with the distance between fulcrums set at 15mm.
Test pieces 1.5%2.0x19mm were cut out from the surface of
fracture toughness test specimens, with the pulling-side sur-
face oriented parallel to the crack growth plane of the frac-
ture toughness test specimens and with the major axes of
both specimens orientated to the same direction. The pull-
ing-side surfaces of the specimens were mechanically
polished with SiC Emery Paper #1500 and lapping-finished
with diamond paste #2000. The surface roughness was
Rp=0.6um in the maximum height. The microhardness
was measured with a microhardness meter M (manufactured
by Shimazu Corp.) at 500g in test load and for 30sec holding
time. For microstructure analysis, an optical microscope,
SEM (X-560 XMA: Hitachi) and the X-ray diffraction
method were used. As for X-ray diffraction intensity,
CuKoa-ray was measured with RAD-YA (Rigaku) at 40KV
in tube voltage and 100mA in tube current. For the meas-
urement of the pole figure, RAD-IIB and a pole figure meas-
urement apparatus (Rigaku) were used. CuKo-ray was
measured at 40KV in tube voltage and 30mA in tube current
and in the range of 0=20-90° based on the Schultz back
reflection method. For pressureless sintered ceramics
(PLS), experiments were conducted in the same way as the
above HP specimens except in the items related to
anisotropy.

3. Results and Discussion

3.1. Microstructure Analysis

Fig.2(b) shows the results of SEM observation of the
surfaces of HP and PLS specimens parallel to the crack
growth plane, etched after mechanical polishing. As a
general tendency, for the HP-TL specimen, the number of
elongated grains oriented perpendicular to the surface (ex-
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pressed hereafter as perpendicular-oriented elongated
grains) is large while the number of elongated grains
oriented parallel (expressed hereafter as parallel-oriented
elongated grains) is small. In comparison with the above,
for the HP-SL specimen the number of parallel-oriented
elongated grains is also considerably large. Also in com-
parison with the HP specimen, the PLS specimen contains
a large number of larger-sized pores. No marked difference
was observed between the shapes of elongated grains of the
respective specimens; the average larger diamenter of grains
was 3um with an aspect ratio of about 5.

Figure 3(a) shows the results of X-ray diffraction inten-
sity curves measured on the HP specimen surface parallel
to the crack growth plane by the diffractometer method. If
the three planes of highest diffraction peak value of the
B-Si;N, phase (expressed hereafter as the P-phase) are
shown, the orders are (101), (200) and (210) for the HP-TL
specimen, and (200), (210) and (101) for the HP-SL
specimen, showing the difference between the two. Both
specimens contain diffraction lines from the o-Si;N, phase
(expressed below as the o-phase) besides those from the
B-phase. The volume percentage of the a-phase contained
in the specimen can be calculated based on the peak value
of the diffraction intensity curve by the following equation.”

¢ o/(a+B)
14(210) + 1,(201)

= 1(210) +1,201) + 5(200) + I4210)

100

When the values obtained from Fig.3(a) are substituted in
the above equation, Cyq.p=17.4% for the HP-TL specimen
and 11.2% for the HP-SL specimen, thus obtaining different
results for respective specimens. The results mean that the
o-phase volume fraction of the HP specimen has anisotropy
attributable to the direction of cutting out the specimen. The
diffraction intensity of the o-phase (I,(210)+1,(201)) in the
above equation is 1125cps for the HP-TL specimen and
1120cps for the HP-SL specimen, showing little difference
between both specimens. On the other hand, the diffraction
intensity of the B-phase, (I3(200) + I3(210)), is 5350cps for
the HP-TL specimen and 8860cps for the HP-SL specimen,
showing a wide difference between both specimens. There-
fore, the anisotropy of the a-phase volume fraction of the
HP specimen obtained above is understood to be attributable
to the difference of B-phase diffraction intensity curves
resulting from the directions of cutting out specimens. Such
anisotropy is thought to influence the evaluation of materials

Fig. 2. Specimen preparation from the hot-pressed SisNs compact (top) and photomicrographs showing surface microstructure obtained from the

HP-TL, -SL and PLS specimens respectively (bottom). The arrows indicate the hot-pressing direction.
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dealt with on the basis of the mechanical properties and the
composite rules of structure-sensitive compound materials.

Similar measurements were conducted on the surface
parallel to the crack plane in the PLS specimens and the
longitudinal section perpendicular to the crack plane.
Fig.3(b) shows the results. For the PLS specimen, little
difference is shown between the X-ray rocking curves
measured on both measurement planes. And the diffraction
intensity from the a-phase is very low in comparison with
that for the HP specimen. In the same way as for the HP
specimen, the volume percentages of the o-phase obtained
with the above equation are 4.4% for the PLS-SIDE surface
and 4.1% for the PLS-TOP surface, showing almost the
same value. Therefore, it can be judged that there is no
anisotropy in the volume percentage in case of the PLS
specimen attributable to the direction of cutting out the
specimen.

Table 1 shows the diffraction intensity of the B-phase in
the HP specimen obtained as relative intensity ratios to the
maximum intensity. The comparison between the same face
indices of the HP-TL and HP-SL indicates that, in case of
the basal or the pyramidal plane of a hexagonal structure for
which the index (hkl) is £#0, the relative diffraction inten-
sity of the HP-TL specimen is high and that, in case of the
prismatic plane for which the index is £=0, the relative
diffraction intensity shows a higher value for the HP-SL
specimen. This means that the ¢ axis of the B-phase elon-
gated grains in the HP-SL specimen tends to be oriented
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the measuring plane (i.e. the ¢ axis is perpendicular to the
crack growth plane).

The above results obtained by the X-ray diffraction
method suggest that the material strength properties of the
HP-Si;N, specimen has an anisotropy depending on the
specimen cutting directions and that, in dealing with the
quantative evaluation of the specimen, the anisotropy of the
B-phase elongated grains needs to be considered.

3.2. Fracture Toughness, R Curves and Structure
Orientation

Figure 5 shows the measured results of fracture tough-
ness (Kic). Measurements were conducted on 15 test pieces
for each specimen and the results were indicated by respec-
tive average value accompanied with standard deviation (I).
It is proved that PLS specimen shows the highest value and
that the comparison among HP specimens shows HP-
TL>HP-SL, with the Kic value of HP specimen showing
anisotropy depending on specimen cutting directions.

Figure 6 shows the typical appearances obtained from
the SEM observation of the fracture surface after fracture
toughness test for each specimen. In the HP-TL fracture

Table 1 Peak-height ratios from the X-ray diffraction intensity
of hot-pressed SisNy for the surfaces parallel (HP-TL) and per-
pendicular (HP-SL) to the hot-pressing direction.

Specimens
Povder diffraction

) R R . L. h k1 file 1711 . B B B 1 HP-5sL
perpendicular to the pressing axis. This result coincides L/ Lwax 1/ 1 wax
with those reported by Lange"” and Iwasaki et al.” 110 20 13 13

In Fig.4 the same tendency is shown by the results of S . e bR
measurements of the {200} pole figures. The figures are I oo L $2
the results of measurements on the surface parallel to the 201 BE 212 ¥
crack growth plane and the values show the contour level 211 s a s

. . & s - 310 20
of the polar density distribution. That the high level range 301 70 23 o
for the HP-SL specimen tends to distribute more densely 5 3 e NE i
around the center than for the HP-TL specimen shows that sa s .- 1
the HP-SL specimen contains a large number of crystal a1o0 20 8 12
grains with the prismatic plane oriented nearly parallel to
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Fig. 3. X-ray rocking curves measured on the surface parallel to crack plane in the HP-TL and -SL

SizsNyg short bar specimens (HP-TL and
HP-SL)

specimens (top) and on the top and side surfaces in the PLS specimen (bottom), respectively.
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surface (Fig.6(A)), fracture surface is composed of the
roliefmap according to the shape of grain cross section.
This tells that the crack grew with transgranular mode of
fracture in perpendicularly oriented elongated grains. In the
fracture surface of HP-SL specimen (Fig.6(B)), the pulling-
out of parallel-oriented elongated grains is frequently
noticed in addition to the cross section of perpendicular-
oriented elongated grains. In the case where elongated
grains are parallel-oriented at the front of crack, the crack
is interpreted to have a tendency to grow along the prismatic
grain boundary rather than by transgranular mode of frac-
ture. Similar results were obtained by Bowen et al.” and
Kisuki® in their TEM observation of crack growth behavior.
In addition, the pulling-out of perpendicular-oriented grains
was less frequently observed for both HP-TL and HP-SL
specimens. Although (quantatively) pulling-out tends to be
observed a little more frequently for the HP-TL than the
HP-SL specimen, no remarkable difference was observed
between the two. This seems to be because perpendicular-
oriented elongated grains are not so easily pulled out due to
the bonding strength of grain boundaries being high even
though there is a difference between the above two HP
specimens in the perpendicular orientation of the B-phase
elongated grains. Therefore, on the fracture surface of the
PLS specimen (Fig.(C)) with a lower grain boundary bond-
ing strength than that of the HP specimen, pulling-out of
perpendicular-oriented elongated grains is observed consid-
erably more frequently than for the HP specimen. Such a
phenomenon as the pulling-out of perpendicular-oriented
elongated grains is assumed to effectively act on increasing
the fracture toughness value of the PLS specimen as shown

toughness  (MPa vim)
HH

Fracture

P
L
N

-on-ox
~—-T=x

Fig. 5. Comparison of fracture toughness among the variously
prepared specimens. I: standard deviation.
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in Fig.5.

Figure 7 shows R-curves for each specimen obtained by
the SB method. From the relationship between load and
load-point opening displacement simultaneously measured
in the fracture toughness test, crack growth resistance (Kg)
was obtained by the equation below according to the method
of Okada et al.'” based on Baker’s” conception.

Ki= x~ "Peld(7)/ds]?

Here, P is the load output of the fractometer, r is the ratio
of gradient of the load vs. loading point opening displace-
ment curve, s is crack growth area, and y is the minimum
value of d(r')/ds. Each specimen shows a tendency of Ky
reaching the minimum at the relative crack length, a/w
=~0.55 (a: crack length including the notch depth, w:
specimen length). The slope of the curve for the HP-TL
specimen after passing the minimum value is greater than
for the HP-SL specimen. Such a tendency of the R-curve
is also observed in the results obtained by other researchers
who used similar specimens with the chevron notch,'*'? and
is interpreted to be closely related to the microstructure
analysis results as described below.

Figure 8 shows the results of observation, using a Nor-
marski contrast optical microscope, made of the appearan-
ces of crack initiation at the notch root of the longitudinal
section perpendicular to the crack growth plane of the
specimen for the fracture toughness test. The observation
was made of the longitudinal section cut so as to include the
chevron notch root after the crack has grown to midway of
the specimen length (corresponding to a/w=0.6). As shown
in the figure, in many cases plural cracks initiate at notch
root. Soon after initiation, the cracks grow to merge or only
one crack preferable to crack growth continues to grow,
leading to a final fracture after passing a stable fracture
stage. In the figure, a crack trace (Vmark) that is assumed
to have branched from the main crack is observed with an
inclination of 15-25°C to the crack growth direction. The
length of these branched cracks branchings is about 100um

L)
=R PYS
E .‘.‘.
,Lus— 2 %0 g0 0™
S L .
£yl " g gunt

r A HP-TL
& 3 m HP-SL
< ® PLS
2 ’ ] . I ) 1 .
04 .05 0.6 0.7 08

Relative Crack Length (a/w)
Fig. 7. R-curves for the variously prepared specimens. a: crack

length including the notch depth ao, w: specimen length. The

a/w at notch root is 0.33.

Fig. 6. Fractomicrographs showing appearances characteristics of the fracture surface after fracture toughness test for each specimen.
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Crack Growth Direc,

Fig. 8. Nomarski contrast optical photomicrograph taken of a longitudinal section showing appearance of crack initiation at notch root (HP-TL

specimen). The symbol (V) indicates crack branching.

in the vicinity of notch root, but become shorter to about
10pm in places far off the notch root, decreasing in rumbers,
(Fig.9(A)). The R curve shows a somehow high crack
growth resistance in the range of a/w < 0.5 (as shown in
Fig.7). This appears to be related to the phenomenon that
crack branching occurs more frequently in the vicinity of
the notch root while it gradually decreases as the crack
grows. Fig.9 shows the appearances of the development of
process zone wake (corresponding to a/w=0.6) in the
vicinity of crack for HP-TL, HP-SL and PLS specimens
observed in the same way as in Fig.8. In the figure, the
process zone wake can be distinguished as the width of
damage zone developed on the both sides of growing crack.
The damage zone width appears most remarkably strong for
PLS specimen while it becomes weaker for HP-TL and HP-
SL, in this order. Corresponding to this, cracks look more
linear. Pores are obserbed along the crack growth path for
PLS specimen (Fig.(C) right side). It suggests that a crack
grows linking pores in its growth process. The specimen
showing a well developed process zone wake includes many
microscopic cracks and crack branchings and shows a high
fracture toughness value in Fig.5. Therefore, the nature of
process zone wake are understood to be an important factor
controlling crack growth behavior and fracture toughness.
As to factors influencing on process zone wake develop-
ment, the orientation of P-phase elongated grains in the
vicinity of crack is for hot-pressed Si;N, specimen, and the
existence of pores and the pulling-out phenomenon of the
B-phase elongated grains are for PLS specimen. In the
crack growth process of the PLS specimen, when a crack
links pores togethr, local stress relief will occur at the crack
tip. Because of the formation of a well-developed process
zone wake and the local stress relief stated above, the R
curve of PLS specimen is understood to generally show
higher values than that of HP specimen. Thus, the dif-
ference in Kjc between HP specimens is assumed to be
attributable to the difference of fracture surface morphology
chiefly based on the orientation of the (3-phase elongated
grains; the difference between HP and PLS specimens is
assumed to be related to the interaction between pores and
crack observed in the PLS specimen and the pulling-out
phenomenon of the B-phase elongated grains.

3.3. Bending Strength, Hardness and Microstructure
Figure 10 shows the results of bending strength
measured for each specimen with standard deviations ap-
pended. To understand the influence of the processing con-
dition on bending strength, as-cut specimens with a diamond
cutter and those finished by mechanically polishing the sur-

Crack Growth Direc.
m

Fig. 9. Nomarski contrast optical photomicrographs (lon-

gitudinal section) showing appearances of damage zones formed
along a growing crack in each specimen. The symbol (V) indi-
cates crack branching. The a/w is 0.6.

face with emery paper and lapping were prepared. 10-15
pieces of each specimen were tested to obtain average
values. Contrary to the results of Kic, bending strength for
the HP specimen showed a higher value than for the PLS
specimen. However, the bending strength between HP
specimens is also HP-TL>HP-SL, the same relationship of
large-and -small as in Kic. In other words, the relationship
of large-and-small that depends on cutting-out direction of
specimen for testing fracture toughness value and bending
strength is preserved between specimens prepared under the
same manufacturing conditions independent of cutting-out
direction, but not preserved between specimens prepared
under different manufacturing conditions. This fact sug-
gests that fracture toughness and bending strength are not
necessarily governed by the same factor. Fig.10 shows a
tendency of bending strength being higher for the as
machined specimen than for the mechanically polished
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specimen. It is very interesting to notice that this tendency
greatly depend on processing conditions. This suggests that
bending strength depends also on processing methods.
Fracture surface morphology and fracture origin were
investigated by observing the fracture surface after bending
test with an optical microscope and SEM. As shown in the
matching pairs of Fig.11(A), the macroscopic fracture sur-
face morphology is composed of mirror, mist and hackle
regions. Figs.11(B) and 11(C) show the results of SEM
observation of the mirror and hackle regions. The mirror
region presents a microscopic morphology consisting chief-
ly of the transgranular fracture mode of elongated grains and
showing that the hackle region was fractured with grains
being aggregated. Most fracture origins are defects lying
immediately under the surface subjected to tension. Figure
12 shows an example of the SEM observation of crack
origin. The types of defects are chiefly pores and foreign
substances, and in this study, surface scratches were scarcely
observed (to be a fracture origin). In our experiences, we
obtained results that if polishing is parallel to the lon-
gitudinal axis of the specimen, surface roughness below
Ru=3.6im did not influence bending strength so much.”
Analyzed with EDX, the foreign substances that exist on the
surface or inside (though a very rare case) which initiate the
crack were found to consist chiefly of Si containing a trace

— Mechanically

polished
1100F [ZZ3  as-machined

(MPa)

900

strength

Bending

H H
3 P
| |
S T
L I

Fig. 10. Comparison of bending strength among the variously
prepared specimens. I: standard deviation.
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amount of Al. In the periphery of the inside foreign sub-
stances, a cavity of about S0um in diameter consisting of
aggregates of small pores was observed. By the same
reason as reported by Itoh et al.," this cavity is assumed to
be formed due to the aggregation of Al,O; added as a sinter-
ing additive. In the case of a small specimen as used in this
study, the bending stress gradient toward the neutral axis if
specimen is large, compared with the case of a large
specimen. For this reason, the crack growth from a defect
existing on the specimen surface is understood to be under
mechanically better conditions when proceeding along the
surface in the width direction than from the defect root in
the thickness direction. Since bending strength is very sen-
sitive to the poperties of the surface subjected to tension, it
is assumed that the difference resulting from the difference
in processing method as shown in Fig.10 was caused
depending on the difference in the depth and magnitude of
residual stresses etc. of the process-affected layer.'*"”

Figure 13 shows the results of Vickers microhardness.
Each value was obtained as the average of more than 20
measuring points.  Although a slight tendency of HP-
TL<HP-SL is noticed in the results, the difference between
the two specimens is very small. The hardness of the PLS
specimen was considerably lower than that of the HP
specimen.

3.4. The Anisotropy of Hot-pressed Si;N, Ceramics
Table 2 shows the degrees of anisotropy of fracture

Fig. 12. SEM photomicrographs showing fracture origin ob-
served on the fracture surface after three-point bending test.

Fig. 11. Optical and scanning electron photomicrographs showing the fracture surface morphology after three-point bending test, in which the

specimen broke down at 6,=952MPa. Matching pairs (A) and SEM photomicrographs taken of the areas corresponding to the fracture mirror and

hackle regions in (A) respectively ((B), (C)).



Vol. 99-464

i %

1500 [

(Kgf / mm2)

1000 [

microhardness

Vickers

P
L
S

- o»-vx
~ -0 =

Fig. 13. Comparison of Vickers microhardness among the
variously prepared specimens. I: standard deviation.

toughness and bending strength depending on the specimen
cutting directions obtained from the results in Fig.5 and 10
as ratios on HP-SL/HP-TL. Both fracture toughness and
bending strength were obtained as about 0.9 in the relative
strength ratios of the two specimens. Therefore, taking into
consideration the crystallographical ainsotropy obtained by
the X-ray diffraction method as mentioned above, the
anisotropy of mechanical properties of the HP specimen
attributable to orientation is recognized to be about 10%.
This value is small as compared with the approx. 20% bend-
ing strength results obtained by Lange." This is inferred to
be attributable to the difference in composition and
manufacturing conditions of specimens. Both results show
that, in using hot-pressed Si;N, ceramics, consideration of
the specimen cutting direction is important.

4. Conclusion

Measurements were taken of the fracture toughness and
three point bending strength and hardness of SB specimens
cut out with crack growth plane parallel (HP-TL) and per-
pendicular (HP-SL) to the hot-pressing direction of hot-
pressed S;N, ceramics (HP); the anisotropy of the
mechanical properties were investigated. As compared with
those of microstructure analysis and pressureless sintered
ceramics (PLS), the following results were obtained:

1) There was a difference between the HP-TL and HP-SL
specimens in the X-ray diffraction intensity curves ob-
tained from the B-Si;N, phase of the HP specimen,
whereas little difference between both specimens was
observed in the X-ray rocking curves of the o-Si;N,.
Among the results measured on the top and side surfaces
in the PLS specimen, there was no difference either for
the a-Si;N; or B-Si;N, phase. Therefore, when the
volume fraction of the o- and B-phase and the mechani-
cal properties are quantitatively evaluated from the X-ray
rocking curves for the HP specimen, it is necessary to
consider the anisotropy in the peak height values of the
[B-phase in the curves.

2) In the fracture toughness obtained by the SB method and
three-point bending strength, 10% anisotropy was ob-
served between the HP-TL and HP-SL specimens. In
both fracture toughness and three-point bending strength,
HP-TL>HP-SL, thus in both values the HP-TL specimen
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Table 2 The ratios of fracture toughness and bending strength
between the HP-TL specimen and the HP-SL one in the hot-pressed
Si3N4 ceramics.

HP-SL HP-TL HP-SL/ HP-TL
Fracture

4.3 4.7 0. 91
toughness (MPa-ym)
Bending D 862 941 0. 92
strength (MPa) 2) 892 980 0. 91

131 Hechanically polished surface. 2): Machined surface.

showed better properties. Though hardness shows a ten-
dency of HP-TL<HP-SL, the difference between both
specimens is very small. However, in comparison with
the PLS specimen, the HP specimen is superior in bend-
ing strength and hardness and inferior in fracture tough-
ness. In other words, correlation between fracture
toughness and bending strength is preserved for
specimens prepared under the same conditions inde-
pendent of the specimen cutting direction, but not for
specimens prepared under different conditions.

3) The microstructural observation of the longitudinal sec-
tion of SB specimens revealed that the HP-TL specimen
was more remarkable than the HP-SL specimen in the
development of process zone wake between the HP
specimens, and further that the PLS specimen was more
remarkable than the HP specimens. The severity of the
process wake zone is closely related to the results of
fracture toughness and the crack growth resistance curve.

4) Judging from the fracture surface morphology, trans-
granular mode of fracture was caused by the crack cut-
ting through perpendicular-oriented elongated grains in
the HP-TL specimen while in the HP-SL specimen a
crack appeared to have grown along the grain boundary
of horizontal-oriented elongated grains. Pulling-out of
elongated grains on the fracture surface frequently ob-
served although there was not such a marked difference
from the HP-SL specimen. Pulling-out of elongated
grains in the PLS specimen was observed much more
frequently than in the HP specimen.

5) An anisotropy due to the prefered orientation of the [3-
phase elongated grains exists in the fracture toughness
and three-point bending strength of hot-pressed Si;N,
ceramics. But it is not so remarkable in hardness.

(The results of the study were partly presented at the 25th-
Yogyo Kiso Toronkai, in January, 1987.)
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Effect of Heating Rate on the Shrinkage of Isothermal
Sintering
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Isothermal sintering of Ba(Mg,; Ta,;)0; and ZrO,
doped with Y,0; was studied at various heating rates.
Rapid heating was much effective in promoting den-
sification process of Ba(Mg,;, Ta,;);. X-ray diffraction,
SEM observation and BET measurement showed that
the rapid heating stimulated effectively the sintering of
secondary particles whereas the slow heating contributed
only to that of primary particles. When specimens were
rapidly heated to the sintering temperature, the surface
area of specimens did not change during the process of
temperature increase. This resulted in a large shrinkage
at the sintering temperature. When the specimens were
heated slowly to the sintering temperature, the surface
area was significantly reduced before reaching the sinter-
ing temperature and the densification was retarded.

[Received November 1, 1990; Accepted February 20, 1991]

Key-words:
Surface area

Rapid sintering, Ba(Mg,s, Tay3)Os, Y-ZrO,,

1. Introduction

Several methods have been used to reduce the ceramics
processing time. Among them, one method is to shorten the
sintering time. The zone sintering'” achieves the densifica-
tion of B-ALO; and -AlL,O; in a short time. With this
method, a large temperature gradient can be produced in one
compact, with the portions of preheating, on-heating, sinter-
ing, on-cooling, and postcooling being in one specimen.
The plasma sintering™* is similar to the zone sintering, but
a large difference is that plasma is used for heating. Con-
sidering the retention of specimen shape, the zone or plasma
sintering is suitable for sintering of tube- or rod-shaped
compacts.

Looking at one point in the compact, these methods
achieve rapid heating. Ichimura et al.” reported that in
sintering Ba(Mg,;3, Ta,3)O;, slow heating of specimen
resulted in Jow density, while rapid heating resulted in high
density. They changed the temperature of one compact
uniformly, but rapid heating was similar to the zone or plas-
ma sintering. This rapid-rate sintering has been clarified
phenomenally and can be explained qualitatively in terms
of initial sintering theory”, but there are disputes over the
quantitative explanation®” and the change in specimen is
still unknown in many points. The zone and plasma sinter-
ing has a difficulty in determining the change of surface area
of specimen because a difference in degree of sintering oc-
curs in one specimen with such sintering methods. In the
present work, we performed the rapid-rate sintering of

Ba(Mg, 3, Ta,3)0;, and ZrO, doped with Y,0; by the method
of Ichimura et al,” in which one specimen was uniformly
heated and we examined if there were any changes in
specimens depending on the heating rate. Ba(Mg,;. Tay;)
has been reported to surely have an effect of rapid-rate
sintering. However, an effect of the rapid-rate sintering of
Zr0O, doped with Y,0; has not been reported.

2. Experimental Method

Ba(Mgy, Ta,3)O; was prepared as follows: Barium car-
bonate, magnesium oxide, and tantalum oxide were weighed
to the stoichiometric composition. The mixture, to which
water was added, was ball-milled for 16hrs, and then cal-
cined at 1100°C for 2hrs in oxygen to form Ba(Mg,;,
Tay;3)O; powder. The powder was ground in a mortar, and
uniaxially pressed under a pressure of 1.5t/cm” into a 10mm-
dia, about 3mm thick specimen. The powder (TZ-3Y)
manufactured by Tosoh Corporation was used as it was for
3mol% Y,0;-doped ZrO,, which was pressed by the above-
described method.

The molded specimens of Ba(Mg,s, Ta,3)O; were
heated in three ways; namely, they were heated from room
temperature to the sintering temperature (1450—-1600°C) in
1, 5, or 60 minutes (hereafter called 1min heating, Smin
heating, and 60 min heating; the corresponding heating rates
are about 25Ks,” 5.1Ks,'l and O.42Ks"). The specimens
were kept at the sintering temperature for the specified time
(0-10min), and then taken out of furnace in 1min for cool-
ing. The thickness of specimen was measured at three
points before and after the sintering. The mean value was
calculated as the shrinkage from the three measurements.
Separate specimens were used for each sintering time.

On the specimens of 3mol% Y,0;-doped ZrO,, the thick-
ness was also measured at several points, and the mean
thickness was calculated. The specimens were heated to the
specified sintering temperature (1000-1400°C) in 1, 180, or
360 minutes (hereafter called 1min heating, 180min heating,
and 360min heating; the corresponding heating rates are
about 21Ks," 0.12Ks," and 0.059Ks™). After being kept at
that temperature for the specified hours, the specimen were
taken out of the electric furnace taking 1 minute. After the
thickness was measured, the specimens were returned into
the electric furnace taking 1 minute. Thus, the measure-
ment was repeated. For both types of specimens, the
shrinkage at each sintering temperature was determined as
the function of sintering time. After sintering, the SEM
observation of some specimens was made, and the particle
size was determined by X-ray diffraction. The specific sur-
face areas of some specimens were also measured by the
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Fig. 1. Shrinkage of Ba(Mgy;, Tay3)Os during the isothermal sintering. Sintering time is the time only when the specimens were at designated
temperature. Specimens were heated to sintering temperature with 3 different heating times: 1, 5, and 60min from room temperature to each
sintering temperature (heating rate=25Ks," 5.1Ks™ and 0.42Ks," respectively). Sintering temperature = (a) 1600°C and (b) 1550°C.
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Fig. 2. Shrinkage of Ba(Mg;, Tay3)Os at sintering time = 8min.

BET method.

3. Experimental Results

Figure 1 shows the shrinkage of Ba(Mg,;, Tay3)O;
during the isothermal sintering at various heating rates. At
a sintering temperature of 1600°C, the specimen of 60min
heating has the smallest final shrinkage; as the heating rate
increases from 60min to lmin, the shrinkage apparently
increases. The sintering time on the horizontal axis in the
figure indicates a time elapsing after the sintering tempera-
ture has been reached, excluding the heating time. For ex-
ample, the point of sintering time=0 means that the
specimen is taken out of the furnace when being heated to
the sintering temperature. The shrinkage of 1.7% at the
sintering time=0 for 60min heating suggests that the sinter-
ing proceeds during heating, resulting in shrinkage. For
Imin heating, the shrinkage is nearly 0% at the sintering
time=0, which means the specimen shrinks less during heat-
ing. The change of shrinkage at the sintering time=1-2min,

25 . o T .
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3
3
£
£
@ 15 3mol®eY203-2r02
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/
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I
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0 5 10 50 100 150
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Fig. 3. Shrinkage of ZrO, doped with Y,0s at 1300°C.
Specimens were heated with 3 different heating times: 1, 180,
and 360min from room temperature to sintering temperature
(heating rate = 21Ks," 0.12Ks," and 0.059Ks,”" respectively).

depends strongly on the heating rate. For 60min heating,
the shrinkage does not change at this sintering time. For
Smin heating, the shrinkage occurs for the first one minute,
while for 1min heating, the shrinkage rapidly occurs for the
first two minutes or so. This corresponds to the fact that for
Imin heating, the specimen is heated to the sintering
temperature with the driving force for sintering maintained
as will be described later.

At a sintering temperature of 1550°C, the same tendency
as that at 1600°C is found (Fig.1(b)); however, the shrinkage
generally decreases as compared with the case at 1600°C.
A similar tendency is found at a sintering temperature of
1500°C. To clarify this fact, the shrinkage at the sintering
time=8min is shown in Fig.2 as the function of sintering
time. At temperatures except 1450°C, the shrinkage ap-
parently increases with the increase in heating rate.

To check whether such an effect of heating rate observed
on Ba(Mg,;, Ta,;3)O; is found on other systems, a similar
experiment was performed on Y,0;-doped ZrO,. The result
of experiment is shown in Fig.3. Unlike Ba(Mg,3, Ta,;3)Os,
the heating times of 1min, 180min, and 360min are used.
Nevertheless, the specimen shrinks most when being heated
rapidly. As compared with Ba(Mg,3, Tay3)0s, the dif-
ference in shrinkage with the heating rate is relatively small.
In particular, the slowly heated specimen (180min heating
and 360min heating), though shrinking considerably at the
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sintering time=0, shrinks additionally by about 5% at the
sintering temperature. For 1min heating, the shrinkage oc-
curs rapidly at the sintering time=0-5min, and the final
shrinkage is largest for min heating. This means that even
for the sintering of Y,0;-doped ZrO, rapid-rate heating is
effective.

To investigate the difference between the rapidly heated
specimen and slowly heated specimen, SEM observation
was performed. Typical results of SEM observation are
shown in Fig.4. Comparing with the section of unheated
Ba(Mg,;, Tay3)O; specimen (Fig.4(a)), the pores seem to
grow on the specimen that has been heated to 1600°C in
60min and held for 4min (Fig.4(b)). The shrinkage in this
case is about 2% (Fig.1). The pores have grown probably
because the sintering did not take place between secondary
particles, though the sintering took place within the ag-
gregated secondary particles. On the other hand, the
specimen that has been heated to 1600°C in 1min and held
for Smin (Fig.4(c)) has relatively fewer pores. This means
that the sintering took place not only within the secondary
particles but also between them. This agrees well with the
high shrinkage (Fig.1). Although there is such a difference,
the primary particles hardly grew on both specimens. This
leads to a conclusion that this sintering is not accompanied
by the formation of liquid phase. For Y,0;-doped ZrO,, the
particle size was estimated from the width at half the max-
imum intensity of X-ray diffraction peak. The estimated
result is that the difference due to sintering temperature is
found, but almost no difference due to heating rate is found,
the difference being only in the order of error. This suggests
that the heating rate has no effect on the particle size.

Although it was considered that the difference in
microstructure due to the heating rate could be observed by
SEM since the formation of neck proceeded at the initial
stage of sintering, the shape of neck could not be deter-
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mined. When a neck is formed, the surface area of powder
decreases. Therefore, the specific surface area of compact
was measured by the BET method to know the difference
due to the heating rate. Figure S shows the specific surface
area of Ba(Mg,;3, Ta,3)O; measured by the BET method.
For 60min heating (Fig.5(b)), the specific surface area of
specimen of sintering time=0min decreases slightly as com-
pared with the unfired specimen. In particular, the higher
the sintering temperature, the greater the decrease in specific
surface area. This may be because of the formation of neck.
At all sintering temperatures, the specific surface area of
specimen of sintering time=4min changed only by about
0.3m*/g as compared with that of specimen of sintering
time=0min. This fact also means that for 60min heating,
the sintering has already proceeded when the sintering
temperature has been reached, almost no driving force for
sintering has remained at the sintering temperature. On the
other hand, the specific surface area of specimen of lmin
heating (Fig.5(a)) is nearly the same as that of unheated
specimen when the sintering temperature is reached (sinter-
ing time=0), which means that the specimen is heated to the
sintering temperature with the driving force for sintering
(proportional to the specific surface area) being sufficiently
kept. The change of specific surface area with the change
of sintering time from Omin to 4min is as large as 0.8—
1.5m*/g, which agrees well with the result of shrinkage
measurement. When the specimen is heated to 1600°C or
1550°C in 1min and sintered for 4min, closed pores begin
to be formed. The specific surface area measured on these
specimens does not show good accuracy.

The specific surface area of Y,0;-doped ZrO, was also
measured by the BET method. The BET method could not
be used to measure the surface area of specimen sintered at
1300°C because the final sintering stage was reached.
Therefore, the specimen sintered at 1100°C was used to

Fig. 4. Scanning electron micrographs of Ba(Mgy, Ta»3)Os compacts: a) without sintering, b) heated to 1600°C in 60min and held the tempera-
ture for 4min, and c) heated to 1600°C in Imin and held the temperature for Smin.
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Fig. 5. Specific surface area of Ba(Mgy3, Taz3)Os measured by BET method. Heating time = (a) Imin and (b) 60min.
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Fig. 6. Specific surface area of Y-ZrO, measured by BET
method. Specimens were sintered at 1100°C.

measure the specific surface area. The result (shrinkage=
about 3-4%) is shown in Fig.6. Also in this case, the
specimen heated in Imin and having the sintering time=0
still has the original specific surface area, having the driving
force for sintering. This is the same as Ba(Mg,3, Ta,3)Os.

4. Discussion

The initial sintering theory states that the shrinkage is
larger when the sintering proceeds by surface diffusion than
it does by volume diffusion or grain boundary diffusion.
Since the volume diffusion and grain boundary diffusion are
the diffusion mechanisms that are important at high
temperatures, the shrinkage becomes larger when the
specimen is rapidly heated in a shorter heating time. This
fact was proven by this experiment. When the sintering
proceeds, the specific surface area decreases, resulting in the
decrease in driving force for sintering. Therefore, from the
result shown in Figs.1 and 5, it is found that,

1) When the specimen is heated slowly, the specific surface
area (that is, driving force) decreases before the sintering
temperature is reached. Therefore, the sintering is dif-
ficult to proceed at the sintering temperature.

2) When the specimen is heated rapidly, the specific surface
area (that is, driving force) is almost unchanged even
when the sintering temperature is reached. Therefore,
the sintering proceeds rapidly, being accompanied by
large shrinkage, at the sintering temperature.

There was a difference in the effect of rapid-rate heating
between Ba(Mg, 5, Ta,3)O; and Y,05-doped ZrO,. This dif-
ference is related with the diffusion that governs the sinter-
ing mechanism. When Y,0;-doped ZrO, is heated to
1000-1400°C, monoclinic ZrO, or tetragonal ZrO, is
formed. The diffusion coefficients have not been deter-
mined for all crystal structures of ZrO,, and the difference
in diffusion coefficiants between the crystal structures of
Zr0O, is smaller than the difference in diffusion coefficients
between ZrO, and other compound. For these reasons, the
diffusion coefficients of cubic ZrO, will be used for the
discussion because large amounts of data is available on this
crystal structure. The volume diffusion of oxygen in cubic
ZrO, is fast, its grain boundary diffusion is not promoted
over the volume diffusion,” and its surface diffusion is only
slightly faster than the volume diffusion.” The volume dif-
fusion of Zr* in cubic ZrO, is several orders of magnitude
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smaller than the volume diffusion of oxygen,'® and its grain
boundary diffusion is greater than the volume diffusion by
the several orders of magnitude,'® but there is no data on
its surface diffusion. On the other hand, no data is available
on the diffusion of Ba(Mg, 3, Ta,;3)03, so that it is impossible
to quantitatively discuss the experimental results in terms of
diffusion. When Ba(Mg,;, Tay3)O; specimen is slowly
heated (60min heating) (Fig.1), almost no shrinkage occurs
at the sintering temperature, while, Y,0;-doped ZrO,
specimen, even if being heated for 360min, shrinks consid-
erably. Since the diffusion of a slowly diffusing species
(Zr* in this case) should be considered for compounds, the
sintering at high temperature may proceed at a sufficiently
high rate by grain boundary diffusion of Zr**. However,
detailed discussion cannot be given because the diffusion
coefficient of Ba(Mg,;3, Ta,;3)O; is unknown. We hope that
the study on this subject will be actively made.

The absolute values of specific surface areas greatly dif-
fer between Ba(Mg, 3, Tay3)O5 and Y,0;-doped ZrO,. the
value of Y,0;-doped ZrO, is 12—16m2/g, while that of
Ba(Mg,5, Tays)0; is 1-27m%/g, one-order lower. This
means that the particle size of Ba(Mg, 1.23)Os is larger.
Since the formula expressing sintering rate shows that
smaller particle size results in more rapid sintering, this
difference in particle size may be one reason for the dif-
ference in experimental results between Ba(Mg, 3, Tay3)0s
and Y,0;-doped ZrO,.

5. Conclusions

The effect of heating rate on shrinkage in isothermal
sintering of Ba(Mg, 3, Tay;)O; and ZrO, doped with Y,0;
was investigated. As a result, it was found that rapid heating
produced large shrinkage. This effect was particularly large
on Ba(Mg,5, Ta,3)O;. The SEM observation of specimen
revealed that slow heating caused only primary particles to
be sintered, but rapid heating promoted the sintering of even
secondary particles producing less pores. There was, how-
ever, no difference in particle size determined by x-ray dif-
fraction. The BET measurement showed a particularly large
difference in specific surface area and revealed the follow-
ings:

1) When the specimen was heated slowly, he specific sur-
face area (that is, driving force) decreased by the time
when the sintering temperature was reached. Therefore,
the sintering was difficult to proceed at the sintering
temperature.

2) When the specimen was heated rapidly, the specific sur-
face area (that is, driving force) was unchanged even
when the sintering temperature was reached. Therefore,
the sintering proceeded rapidly, being accompanied by
large shrinkage, at the sintering temperature.
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Measurement of Thermal Diffusivity of Pyroceram 9606
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Up to date, neither Certified Reference Materials (CRM)
nor Standard Reference Materials (SRM) have been
available for thermal diffusivity values in the range
around 10°cm?/s, which would be useful to advanced
ceramics research. Therefore, a round robin test of
Pyroceram glass ceramics Corning 9606 for one of the
SRMs has been arranged by the subcommittee C-14.91
in National Institute of Standards and Technology
(NIST)/ASTM. The results of thermal diffusivity meas-
urement of the Corning 9606 have been described toward
the international collaboration to certify Standard Ref-
erence Material.

The surface of a disc sample was coated by carbon spray.
The apparent thermal diffusivity of an identical sample
increased with the number of laser beam flashing be-
cause the irradiation of a laser beam burns the carbon
coating: (1) a small low temperature rise caused by
lower absorption ratio of damaged coating substance in-
creases the apparent thermal diffusivity associated with
the negative temperature dependence of thermal dif-
fusivity of Corning 9606 and (2) a burned carbon coating
permits the penetration of the laser beam to the sample,
which caused fast temperature rise of back surface. For
reducing the irradiation damage of carbon coating, a
glass cell filled with a CuSO;, solution was inserted in the
laser beam path as a variable attenuator. Ninety percent
attenuation for the sample 0.97mm thick was found to
be favorable to determine the thermal diffusivity value
with sufficient reproducibility. The effect of transparen-
cy of the sample on the measured thermal diffusivity was
also estimated by the theoretical calculation and this
clearly confirmed the usefulness of carbon coating.
Based on these careful preliminary examinations, the
thermal diffusivity values of Corning 9606 in a tempera-
ture range between room temperature and 976K were
independently determined using two different ap-
paratuses and good agreement was found.

[Received November 7. 1990: Accepted February 20, 1991]

Key-words: Thermal
ceramics, Standard Reference Materials,
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Laser flash

1. Introduction

A substance which can be used as the standard in measur-

ing heat transfer properties such as thermal conductivity and
thermal diffusivity and its properties are indispensable to the
certification of measuring instruments and equipment and in
estimating their accuracy. Therefore, the U.S. National
Bureau of Standard (current National Institute of Standards
and Technology), the Information and Numerical Data
Analysis Center of Perdue University and others have car-
ried out tests” to select standard reference materials and
determine their recommended values from an international
view-point. However, a standard reference material has not
yet been decided for the range of about 10”cm?/s of thermal
diffusivity for the region between austenitic stainless steels
and glass fibre boards. Since thermal diffusivity values of
many substances among fine ceramics being developed for
electronic or structural materials remain in this range, this
matter has presented an obstacle in research on thermal
properties. At this time, measurements have been carried
out through the international collaboration'” on Pyroceram
brand glass ceramics, Code 9606: Corning Glass Works, a
polycrystallin ceramics, comprising of SiO,, ALO;, MgO
and TiO,, in order to certify the standard reference materials
for the measurement of thermal diffusivity values in this
range.

The thermal diffusivity values of solid substances are
often calculated by measuring the temperature responses of
infra-red ray detectors using the measuring methods through
light heating, such as the laser flash or stepwise heating
methods. These methods have advantages such as less error
induced by heat leak and short time required for measure-
ment because the heating and temperature measurements are
done on a non-contact basis. However, these measurements
are based on conditions in which only the surface of the test
sample is heated and the surface temperature at the back of
the test sample is measured; thus due consideration is re-
quired during measurement and analysis concerning the
penetration of heating light, radiation from the sample inte-
rior and so forth (unless the test sample is opaque). This
report describes the measurement of thermal diffusivity
values on Pyroceram 9606 glass ceramics ranging from
room temperature to 976K using the laser flash method, as
one of the international collaboration measurements.

2. Results and Discussions

We obtained a cylindrical block 25.4mm in length and
25.4mm in diameter by courtesy of the National Institute of
Standards and Technology/ASTM committee C14.91. The
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Fig. 1. Schematic diagram of the experimental apparatus for measuring thermal diffusivity of inorganic materials at room temperature.

block was sliced parallel to the bottom surface into discs of
given thickness, and these discs were cut and ground into
plate from of 10mm in diameter as the test samples. First,
we measured the thermal diffusivity of these discs at room
temperature by the laser flash method, changing the condi-
tions of beam intensity, coating for beam absorption and so
on. Then, we determined the adequate measuring condi-
tions based on these measurements, and carried out the
measurement at high temperatures.

2.1. Measurement on the Laser Flash Method at Room
Temperature

We used the special measuring equipment shown in Fig.1
for the measurements at room temperature. We irradiated a
laser beam with a pulse width of 1ms and output of 6J on
sample surfaces, and measured the temperature rises on their
back surfaces with an infra-red detector. The thermal dif-
fusivity values were calculated from temperature responses
based on the following equation:”

Di= 138 Ttys o vovvmswmms wsmns s )

where

D: the thermal diffusivity value

L: thickness of the sample

tip: time for the temperature to reach 1/2 of the maxi-

mum temperature rise Ty, on the back surface of

the sample.
To measure the temperature of a restricted portion at the
center of the back face, a conical shield tube of inside
diameter 3mm on the sample side and 10mm on the detector
side was placed behind the sample, and the infra-red ray was
focussed into the detector with a non-reflection coated Si
lense of 10mm in diameter. Further, in order to raise the
sensitivity, the distance between the sample back surface
and the detector was set to 40mm, and the sample held in 3
points by quartz tubes, so that the sample was thermally
insulated. The measurements were carried out in vacuum
of 107 torr, with the sample holder encased in a container
provided with a CaF, window for the infra-red ray.

The measurements were done on 4 samples of 0.53, 0.97,
1.51 and 2.02mm in thickness. Since the samples were
confirmed to be semitransparent by the preliminary experi-
ment, we coated both surfaces of the samples with graphites
by carbon spray (dgf. 123 Miracle Powder Products Corp.),
and measured each sample 5 times. The interval of the
repeated measurements was set to more than 2 minutes, as
normally done in the measurement of metal and other
samples.

x1072

(a)

i

Thermal Diffusivity (cm2/s)
o

Thermal Diffusivity (cm2/s)
»

1 2 3 4 5

Number of Times of Measurement

Fig. 2. Apparent thermal diffusivity of Corning 9806 vs number
of times of measurement. Sample thickness is O: 0.53mm (®:
0.97mm @©: 1.51mm and @: 2.02mm, @: 2.51mm respectively.
(a) results by using a direct laser beam. (b) results by using a 17%
attenuated beam.

Figure 2(a) shows an example of the relationship be-
tween the number of times of measurements and measured
thermal diffusivity values, and Fig.2(b) the results of meas-
urements through laser irradiation, attenuated by glass filter
to 83% (5J). As Fig.2 indicates, the measurement of thermal
diffusivity values varies in accordance with the thickness of
the samples, number of times of measurements and beam
intensity. Thermal diffusivity values tended to increase as
the thickness of the sample increased, and this tendency was
emphasized at higher beam intensity (a). It is generally
known that the laser flash method tends to obtain a thermal
diffusivity value at seemingly higher temperature than at
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the measured temperature, due to a transient rise in tempera-
ture of the sample through the laser irradiation. Since the
thermal diffusivity value of this sample has larger negative
temperature dependence” at room temperature, thermal dif-
fusivity became smaller with the rise in sample temperature
through beam irradiation. This tendency became more evi-
dent in thinner samples which have smaller thermal capacity
and accordingly larger temperature rise. The effect of the
thickness in samples is markedly evident in Fig.2(a), where
the laser beam was directly irradiated, because of the large
temperature rise in the samples.

On the other hand, a tendency was found in the thinner
samples (b) toward higher thermal diffusivity values with
the repetition of measurements. In these measurements,
gradual damage in carbon coating on the sample surface was
observed with repeated beam irradiation. Because of the
damage, the beam penetrated the sample partially and
brought about a quicker rise in the temperature response
curve measured at the back surface of the sample. This fact
is thought to point to the tendency toward the increase in
apparent thermal diffusivity values with the repetition of
measurements (especially in thinner samples which are easi-
ly affected by beam penetration) in the measurements of
samples (b) for which thermal diffusivity values are less
affected by temperature rise. To verify this assumption, we
carried out the following experiment.

The effect of damage on coating was estimated by alter-
ing the laser beam intensity. When the exiting voltage of
laser beam was lowered to attenuate the beam intensity, the
distribution in the intensity of the laser beam became uneven
so that the temperature at the sample center tended to be
higher. Therefore, we kept the exiting voltage fixed at the
range where there was no unevenness in the distribution of
intensity, and inserted a 15mm-thick glass cell filter with
parallel sides into the light path and filled the glass cell with
copper sulfate solution. Measurement was done by chang-
ing the intensity of beam by several percentage for each run
through change in concentration of this solution. Thus, we
confirmed that the carbon coating was not affected by the
irradiation of laser beam when its intensity was attenuated
to less than 25%(1.5J), and that we could obtain thermal
diffusivity values of about 2x107, irrespective of the times
of irradiation on each sample, although it should be kept in
mind that a reproducible value for thicker samples (2.02 and
1.51mm in thickness in this study) cannot be expected in
the measurement at high attenuation, since the intensity of
thermal response signal itself became too low by the at-
tenuation of beam intensity.

On the other hand, we calculated the thickness of carbon
coating, from the change in weight of the samples after
coating, the diameter of the samples and the carbon density,
and measured by changing the thickness in the range of 1
to 4x10°mm. We found that there was no change in the
measured values. However, when the samples were sprayed
continuously for an unnecessarily long time, there were
cases where higher thermal diffusivity values were observed
with the beam penetrating into thin parts of the uneven
coating as a result of the carbon bearing organic solution
flowing-out on the surface of samples.

Regarding the interval of measurements, we first ir-
radiated the laser beam attenuated to 1.5 on samples
0.97mm thick and measured the temperature drop with the
infra-red detector; it was confirmed that the temperature
returned to the level prior to the measurement about 100
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seconds after beam irradiation. Therefore, we think that the
interval of more than 2 minutes adopted in this study would
not affect the temperature rise on samples by the repetition
of irradiation.

The relationship between the attenuation of laser beam
and the resulting thermal diffusivity values is showed in
Fig.3. We also carried out a test on samples coated with
gold of 3.4um on both sides by spattering, in order to con-
firm that carbon coating by spraying can completely prevent
beam penetration into the sample interior. In this case, we
noticed peeling-off phenomena in spattered film caused by
the unattenuated beam and a large deterioration in signal
intensity caused by attenuation (because gold has a low
absorption of laser light). Therefore, the attenuation ratios
of the laser beam were set at 54% through 83% in the
experiment. By the way, carbon was sprayed over the spat-
tered gold layer in the back surfaces of samples in order to
raise the radiation of the infra-red ray. As is clear in Fig.3,
we judge that the thermal diffusivity value at room tempera-
ture of Pyroceram 9606 is a fixed value of 2.15x10cm?s,
regardless of the number of measurements and coating
material provided that the above experimental conditions
were sufficiently taken into account.

It is generally known in the laser flash method that the
measured temperature T, can be expressed in the following
equation, under the assumption that the thermal diffusivity
value varies linearly with temperature:”

Te" = Tamb + 1-6Tmax

where, T, is the sample temperature before laser irradia-
tion, and T,y is the maximum rise in the temperature of a
measured sample. In order to measure the actual tempera-
ture rise of the sample with the beam, we stuck a chromel-
alumel thermo-couple of 0.05mm dia. to the back surface of
the sample with a bonding agent of cyano-acrylate system
and measured the maximum rise in temperature. When we
irradiated a laser beam of 90% attenuation on the samples
coated with only carbon, the maximum temperature rise was
29K at the back surface of the 0.53mm-thick sample.
Therefore, no adjustment was done in the temperature using
equation(2), since the maximum temperature rise was very
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Fig. 3. Apparent thermal diffusivity Pyroceram glass ceramics of
corning 9606 as a function of the attenuation ratio of a laser beam.
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small in this study.

2.2 Transparency of the Samples

In order to check the actual shielding effect of carbon
coating, we measured the transmittance on samples with and
without carbon coating.

Regarding the transparency to infra-red rays, we first
adopted 0.18mm thick Pyroceram 9606 as the reference
sample, and 0.23mm as the measurement sample.
Transparency was measured on uncoated samples in the
range of 650 through 4000cm™ on an infra-red ray
spectrometer, and it was confirmed that the transmittance of
infra-red rays remained in the range of 44 to 92%. Here we
decided on the thickness of both reference and measurement
samples through a preliminary measurement, enough to ob-
tain adequate light and sufficient signals to the detector
sensitivity. Then, we sprayed carbon on one side of the
0.23mm-thick samples and measured their transmittance.
The transmittance of the infra-red ray was below the detec-
tion sensitivity in the whole range of its wave length.

The light shielding against laser beam was tested by
measuring the beam intensity passing through the samples,
by replacing the InSb detector of the thermal diffusivity
measuring equipment with a Si semiconductor light detec-
tor. The samples were 1.47mm in thickness, and since the
laser beam was monochromatic (wave length 694nm) the
beam was attenuated to less than 5% by making use of the
reflection of a half mirror. Once irradiated on the samples,
the attenuation of its intensity was measured in terms of the
change in signal intensity from the Si semiconductor. We
confirmed that when a weak beam was used as in this case,
we could not detect signals related to the infra-red radiation
because of the low temperature rise of samples, but rather
only signals related to the intensity of laser beam. When a
laser beam was irradiated on samples without carbon coat-
ing, we adjusted the sensitivity to get sufficient signal in-
tensity, and measured the samples with carbon coating on
one side. In this case, no transmission of laser beam was
detected. Taking these facts into consideration, we can safe-
ly say that carbon spraying provides sufficient shading.

Although many ceramics are generally semitransparent,
there is no definite basis to point to whether or not the
coating is necessary and to what extent the transparency of
a sample will affect the measurement. Therefore, in order
to make this matter clear, we estimated by a calculation the
relationship between the apparent thermal diffusivity and
the true thermal diffusivity, and investigated the effects of
light transparency on thermal diffusivity. When a laser
beam is irradiated instantly of the surface of a semi-
transparent sample of thickness L, the signal Sg(t) is given
by the equation (3) of Leung and Tam":

Sw="4 a-eh -
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where

A : constant depending on the energy of a laser
beam, temperature and thermal capacity and
emissivity

o : absorption coefficient of sample against laser
beam

o’ : absorption coefficient of infra-red ray in the
wave length range measured by an infra-red ray
detector.

It is very difficult to know from the expression of this
response curve alone to what extent the thermal diffusivity
obtained from the actual measurement is affected by the
transmitted light. Therefore, we numerically obtained the
dimensionless value D t,,m%/L? for the time in which the
theoretical response curve reaches 1/2 of the maximum
value, using Sg(t) from equation (3). The result is shown as
the function of aL and o’L in Fig.4. By the way, the value
D t,,n%/L* was 1.38 on a completely opaque sample which
agrees with equation(l). Moreover, the same value was
obtained when oL and o’L were interchanged. When a’L
or oL exceeds 50, the value converged sufficiently, and we
can regard the sample as opaque.

We investigated the effect of transparency on the
measured results of Pyroceram 9606 using this chart. The
absorption coefficient of the sample against infra-red ray
was obtained in the following procedures, so as to avoid the
influence of refection on the sample surface. We placed a
0.18mm thick sample in the reference light path, and another
of 0.23mm thickness in the measurement path of the infra-
red spectral transparency measuring apparatus; the obtained
transparency became that for a 0.05mm-thick sample which
corresponds to the difference in thickness of these two
samples. Based on this value, we obtained the absorption
coefficient at every IR wave-length. We calculated the
weighted average using the intensity of infra-red ray radia-
tion of the black body at room temperature over each wave-
length, and obtained the average absorption coefficient of
14mm™ . Regarding the absorption of laser beam in a
sample, we irradiated the same intensity laser beam on
samples 0.14mm and 0.35mm thick without carbon coating
and measured the intensity of the transmitted light. The
ratio of the intensity of the beam transmitted through these
two samples was 10.0, from which an absorption coefficient
of 1lmm™ was obtained.

Next, we irradiated the laser beam attenuated by 90% on
a sample 1.25mm thick and measured its thermal diffusivity.
When both sides of the sample were sprayed with carbon,
the thermal diffusivity value was 2.15x10cm’/s. Thermal

Dt,/, m?/L?

a'l

Fig. 4. Theoretical relation between transparency of a sample and
apparent thermal diffusivity.
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diffusivity values were 2.71x10”°cm?/s on the same sample
without any coating, 2.51x10%cm’/s when only the surface
was sprayed and 2.29x10cm’/s when only the back surface
was sprayed. On the other hand, the results in Fig.4 point
to the fact that 8% larger thermal diffusivity values were
obtained if only one surface was semitransparent; this figure
reached 17% if both sides were semitransparent when the
oL and oL were 10.0, which corresponds with the
equivalent semitransparency of this sample. When we com-
pared the above results with the values theoretically ob-
tained, we found that although the same tendency was
observed, there is a considerable difference in the apparent
thermal diffusivity value when the surface or the back sur-
face of a sample was sprayed with carbon, and the absolute
values are slightly different. We presume that the discrepan-
cy may be caused by incident light being attenuated by its
scattering in addition to its absorption because Pyroceram
9606 is a crystalized glass, and further by the fact that no
consideration was given in the analysis to the distribution
in sensitivity on wave-lengths of infra-red detectors for the
measurement.

The calculation on the transparency of the light for
aL=10 showed that only 5x10” of the light irradiated on the
surface of sample reached the back surface, and the sample
may actually seem to be almost opaque. However, as made
clear by theoretical examinations of equation (3) and actual
measurements, due consideration must be given to the ac-
curacy of the measured values on samples without an ade-
quate coating.
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Fig. 5. Schematic illustration of experimental apparatus for
measuring thermal diffusivity of inorganic materials at high

temperature.
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Fig. 6. Thermal diffusivity of Pyroceram glass ceramics Corning
9606.
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2.3. Measurements at High Temperature

The measurement of the thermal diffusivity at high
temperature was carried out on two systems of equipment
different from the one used for the measurement at room
temperature, in order to investigate systematic errors intrin-
sic to the equipment. The first was ultra high temperature
equipment equipped with a tungsten mesh heater, the
specifications of which were previously reported.”  This
ultra high temperature equipment holds a sample on three
alumina pins and sets it at the center of the tungsten mesh
heater. The infra-red ray radiated from the back surface of
the sample is guided through the pipe beneath the sample
and a Si lens to be collected by the infra-red ray detector
for measurement. The other device is high temperature
equipment heated by a Ni-Cr wire heater; details are shown
in Fig.5. The sample is placed on an alumina ring of 9.5mm
1.D. at the center of the heater, and a laser beam is irradiated
onto the lower surface of the sample and the infra-red ray
radiated from the upper surface of the sample is focused on
the infra-red detector through an aluminum parabolic mirror.

We used samples 10mm in diameter and 0.97mm thick
measured at room temperature and a ruby laser (same
specifications as the one for measurement at room tempera-
ture) whose attenuation was set to 90% from measurement
at room temperature. Both sides of samples were sprayed
with carbon, and the measurement was carried out in
vacuum. Heat loss by radiation was compensated by means
of the method of Takahshi et al.”’ to derive the radiative heat
loss from decreasing rate of temperature after the maximum
point in the temperature responce curve, and using the com-
pensation table by Ohta et al.” Since it was necessary to
determine the thickness of samples at each temperature to
obtain thermal diffusivity values from equation (1), we es-
timated the thicknesses of samples by measuring thermal
expansion coefficient values ranging from room temperature
to 1000K using thermal mechanical analysis (TMA) and
obtaining the thickness at each temperature from linear ther-
mal expansion coefficient and from thickness at room
temperature. In order to ascertain whether change occurred
in thermal diffusivity by the progress of sintering and so on
during the measurement, we measured thermal diffusivity
values by raising and lowering the temperature, and found
that the measured values both at the raised and lowered
temperatures agreed within an acceptable range of error.
Further, there was no reduction in the dimensions of the
samples and no temperature hysteresis detected even in the
repeated measurement of the thermal diffusivity by thermal
mechanical analysis. The thermal diffusivity values ob-
tained by this equipment are shown in Fig.6, together with
literature data hitherto available.” The thermal diffusivity
values at room temperature measured by the high tempera-
ture equipment shown in Fig.5 agreed well with the values
obtained by the room temperature equipment. However,
with the ultra-high temperature equipment, we could not
obtain signals at room temperature with sufficient intensity
to enable analysis because of its low infra-red ray radiation,
as its construction can not have a large aperture angle of the
infra-red detector to the sample due to the long length
heater. Although the error of the order of 5% was detected
in the thermal diffusivity values of the Pyroceram 9606
obtained by two different high temperature apparatus, the
values agree well in the wide range of temperatures. In
addition, these values agree well with recent measurements”
by the cyclic heating method on this sample.
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3. Conclusion

We measured thermal diffusivity values on Pyroceram
9606, studied internationally in the selection of standard
reference materials in terms of thermal diffusivity, by means
of the laser flash method, through systematic changes at
room temperature, and by varying materials and thickness
of shield coating as well as the thickness of samples and
laser beam intensity. The following points were made clear.
Since Pyroceram 9606 is semitransparent, it requires a coat-
ing on its surface for measurements, although the coated
film may be damaged by high intensity laser beam and thus
precise thermal diffusivity values cannot be obtained due to
the change in the absorption and partial transmission of the
laser beam. We investigated the carbon sprayed and gold
spattered films for coating, and decided on the attenuation
ratio of laser beam and conditions for carbon spraying in
order to obtain precise thermal diffusivity values. In addi-
tion, we obtained a calculation chart to estimate the effects
of semitranparency on the samples, and studied the
transparency in measurement of Pyroceram 9606. Based on
the present results, we systematically measured the thermal
diffusivity values of Pyroceram 9606 ranging from room
temperature to 976K.

A part of this study was published at the 11th Thermal
Properties Symposium held at Tokyo from November 5 to
8, 1990 (Lecture No. A304)
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Cyclic Fatigue Behavior of Pressure-less Sintered Silicon
Nitride in Rotating Bending Test
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Cyclic fatigue behavior of sintered silicon nitride was
investigated by the rotating bending test method. The
fatigue data were analyzed using Weibull’s statistical ap-
proach based on the power law crack growth relation.
This analysis agreed with experimental results. The rela-
tion between the number of cycles to failure and the
initial stress intensity factor calculated from the defect
size measured by fractography was discussed. As a
result, the fatigue failure was caused not only by the
surface defects but also by the internal defects. The
cyclic fatigue behavior of silicon nitride was explained
by the K-V diagram, in which the cyclic stress corrosion
cracking (SCC) mechanism and the cyclic fatigue crack
growth mechanism independent on SCC were taken into
consideration.
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1. Introduction

When ceramic matrials are applied as a structural com-
ponents, it is important to establish a technique for assuring
reliability for time-dependent fracture. The fatigue lifetime
of ceramics have been often evaluated by bending fatigue
tests, however, it is not easy to obtain fatigue data under
tension-compression loading. This is because of the dif-
ficulty of a bending fatigue test accuratly and experimental
difficulties such as fast fracture at the chucked points in
tension-compression bending fatigue tests with ceramics."

A rotary bending fatigue test is the most commonly used
fatigue tests with metals specified in JIS-Z 2274 and is used
to obtain stress-fatigue lifetime diagrams (SN diagrams).
This fatigue test method has the advantage of low cost of
equipment and simplicity of testing; permitting tension-
compression fatigue tests with a stress ratio R=-1; enabling
a high cycle frequency to be employed.

Thus, it is widely used as a method for obtaining basic
data necessary for lifetime prediction most simply for metal-
lic materials whose fatigue lifetime can be estimated by
using, e.g., modified Goodman diagrams in the case of dif-
ferent stress ratios and mean stresses.

Application of rotary bending tests to ceramics have
been reported by Sakai et al., Tanaka et al., Ko and Saruki
et al.”” For fatigue lifetime distributions in rotary bending
fatigue tests with alumina, Sakai et al. showed that fatigue
lifetime distributions complied with the 3-parameter (rather
than 2-parameter) Weibull distribution, and that the larger

the applied stress, the larger the value of the Weibull shape
parameter (m).2 Carrying out a rotary bending fatigue test
with silicon nitride, Tanaka et al. reported that the fatigue
data scattered so widely that it was difficult to obtain
definite SN diagrams; fatigue life distributions complied
with the Weibull distribution.” Obtaining SN diagrams with
relatively small scatter by applying rotary bending fatigue
tests to alumina and silicon nitride, Ko studied the relation
between the minor region and fatigue lifetime by observing
fractures of rotary bending fatigue test samples.” Discover-
ing that the rotary bending fatigue strength of silicon nitride
was lower than the static fatigue strength, Saruki et al.
reported that the experimental results could not be explained
only by a volume effect but could be assumed as a result
of cyclic loading.”

Fatigue lifetime of ceramics scatter so widely that it is
difficult to evaluate the fatigue behavior directly from
stress-lifetime diagrams (SN diagrams). For this reason,
fatigue tests are conducted with fatigue life scatter control-
led by precracked specimens by a Vickers or Knoop inden-
tation.*” This test method is effective in evaluation of
fatigue behavior of materials but is not practical for evaluat-
ing the lifetime prediction of ceramic components. For
evaluation of the SN diagrams of components, it is essential
to perform a statistical analysis with fatigue lifetime dis-
tributions, initial-fractured data and censored data taken into
account. ™"

Thus, we analyzed rotary bending fatigue data for pres-
sureless sintered silicon nitride in accordance with the
fatigue life distribution formula derived for ceramics from
the K; power laws in fatigue crack propagation. Measuring
defects as fracture origins of fracture by a fractgraphy, we
also analyzed data using stress intensity factors and studied
fatigue crack propagation in pressureless sintered silicon
nitride in tension-compression cyclic fatigue tests.

2. Experimental Procedure

2.1. Tensile and Constant Loading Rate Tests

The test samples were pressureless sintered silicon nitride
ceramics with Y,0; (10wt%) and Al,O; (5wt%) as additives.
Young’s modulus measured under the resonance method in
compliance with JIS-R1602 was 265 (GPa) and fracture
toughness measured under the SEPS method in compliance
with JIS-R1607 was 5.0+0.2(MPa V)

Tensile strength was measured with a specimen with was
stuck with adhesive in SCM440 steel grips as shown in
Fig.1. This type of specimen is easy to machine and enables
aligning accuracy to be improved by the use of adhesive.
10 samples were tested based on JIS-R1606, except for the
length of the parallel portion. From the results obtained,
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Steel (SCM440) Adhesive
Ceramics(SiaN4)

ro=4 mm n =6mm R=15mm

Xo =7.5 mm x, =15 mm
(b)
Fig. 2. Rotating bending test specimen
(a) Geometry and dimensions of specimen
(b) Coordinates of specimen for calculating the effective volume

using the method of least squares we estimated Weibull
parameters m and G, in

F(G)=1- exp |— [%) Vo

obtaining m=5.2, ©,=1478, V.=678(mm’) and mean
strength=387(MPa). All the specimens fractured within the
parallel portion 24mm long.

2.2. Rotary Binding Fatigue Test

We conducted the rotary bending fatigue test in com-
pliance with JIS-Z2274, using No.1-8 shaped specimen as
shown in Fig.2(a). The specimens surface was finished a
cylindrical grinding to a circumferemtial direction using a
#800 diamond wheel.

Ono type rotary bending fatigue tester was used in the
experiment. Applying a bending moment load on the
specimen held on the tester with springed taper bushes and
rotated at a rate of 3000rpm (50Hz), we conducted a com-
plete amplitude fatigue test as shown in Fig.3. There were
no specimen fractured at grips. An ordinary rotary fatigue
test was also applicable to ceramics. The test was success-
ful with the sample deflections kept within a very small
range (20/1000mm).

Because of the high cyclic frequency (50Hz), fatigue test
results below 10° (below 20s) involved a lot of errors, there-
fore they were treated as initial-fractured data. For the sake
of convenience, we halted the fatigue test between 107 (2.3
days ) and 108 (23 days) and treated the data there as cen-
sored data. For all the tested samples, we observed fracture
origins by an SEM.
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3. Test Results and Review

3.1. Relation Between Stress and Fatigue Life (SN
diagrams)

Figure 4 shows the relation between maximum stress
Guma and fatigue lifetime N (SN diagram). The marks @, O
and A indicate fractured, censored and initial fractured data
respectively. The fatigue lifetime obtained here scatter
widely, however a general distribution downward toward
the right is seen.

To evaluate such widely scattered data, a statistical
analysis is necessary. Evans et al. derived a lifetime predic-
tion for glass and ceramics under cyclic loading by integrat-
ing the power law for subcritical crack growth (SCG) caused
by stress corrosion cracking (SCC) under a constant load"?

da/dr= AK} (Ky=YoNma) ... ...... ®)

Matsuo et al. calculated based on SCG theory, a fatigue like
distribution function udner non-uniform stress states.
It is given by

F(N)= 1- exp { - [NﬂoJ Veff}

where,

B -
Ny= ———— 042

21/ o
O [ (h ()" dt
0

=50 Hz
L R=00/ Omax = -1

time (sec)

-0 ax

Fig. 3. Stress wave form at the surface of specimen under rotating
bending test.
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Number of cycle to failure,N

Fig. 4. Maximum stress (Gmax) vs. number of cycle to failure (N)
representation (S-N curve) of sintered silicon nitride under rotating
bending test. Left side arrow indicates that number of cycles to
failure is less than 10°. Right side arrow indicates that the tests
were suspended at that cycles without failure of the specimen.
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V= | {8y av

B= o arkicin

g(x,y, z) : a function for describing the stress dis-

tribution of the sample

h(wt) a periodic function for cyuclic stress
In accordance with this fatigue lifetime distribution func-
tion, we calculate the fatigue lifetime distribution in the
present rotary bending fatigue test below. With the coor-
dinate system for the specimen as shown in Fig.2(b), g(x,
y, z) is given by

g, N =or Y OIre) « v o 4)

where r(x) is the distance between the center and the surface
of the specimen, which is given by

O<x<xq

Fi(x) = {rg 3 5 .. (5)
ro+ R— VR — (x —Xxp)" xp<x<x;

Thus, the effective volume V4 can be calculated as

2’

an : v P
Ver = T roxXo + J [—0 ] dx; . (6)

+ 2

,.(x)w - lym’

Xl

From the effective volume of the rotary bending fatigue
test specimen and that of the tensile test specimen calculated
from equation (6), their mean strength ratio is given by

= — _ V/m
Grotaitig” Otensile = (Vesteensitey” Vettrorating)

= (678/233)*?= 1.23

Thus, the fast fracture strength in the rotary bending fatigue
test can be calculated as 476 (MPa), which nearly agrees
with the point in the SN diagram in Fig.4 which is extrapo-
lated to 10°.>%

Equation (3), which is based on the SCG theory under a
constant load is also applicable likewise under a cyclic load-
ing. Under a cyclic loading condition, the relation between
maximum stress intensity factor (Kjn.) and fatigue crack
growth rate (da/dN) can be approximately expressed by

da/dAN= AKjnax v o o v ov e @)

which is similar to equation (2). Through a calculation
using the relation above, an equation close to equation (3)

99.9 T -
9 0 10, =366 MPa |
my=022N0=6380 ¢ | A
= 90 [T ma=341 MP: \ 5
& 80 my=0.20,N'0=32000 u |4
4 i ~
5 7 \ . ° o]
. PV —
£ > =
& 40 5 Y
o
5 a0 e I O nac=292 MPa
K . my=0.20,N'0=1698000
20 T T
|
10 ‘ —
5
10° 10° 10° 10° 107

Number of cycle to failure N

Fig. 5. Weibull plots of number of cycles to failure of sintered
silicon nitride under rotating bending test.
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can be derived. Here, however, the stress is represented by
Oma This eliminates the necessity of integrating the time
term and N, is given by

B 2
No= ?mco e (8)

Here, fatigue parameters A and n are not defined in distinc-
tion between SCG effect and cyclic effect. Thus, the fatigue
parameters include the effects of cyclic loading condition.

Now, it is evident that a fatigue parameter n can be es-
timated from the relation (n=m/my+2) between Weibull
shape parameter my for fatigue lifetime distributions under
maximum stress G, and Weibull shape parameter m for fast
fracture strength distributions obtained from equation(3).
Here, we estimated fatigue parameter n from the Weibull
shape parameter for fatigue lifetime and fast fracture
strength distributions in the experimental results. Figure 5
shows Weibull plot of fatigue lifetime data with maximum
stresses 292, 341 and 366(MPa). The values of Weibull
shape parameter my and scale parameter N’y here were es-
timated under a least square method, then initial fractured
and censored specimens were taken into account. Ny’ here
was defined in the form involving an effective-volume ef-
fect as

N'y= NV&'/™

The values of fatigue parameter n calculated from my were
nearly constant irrespective of Gmax, averaging n=27. From
equation (3), NoOmi=constant, which also shows that a
fatigue parameter n can be estimated. Figure 6 shows the
relation in logarithmic plotting between Omax and Ny, the
gradient of the line representing the inverse of a fatigue
parameter . As a result, fatigue parameter n was calculated
as n=25, which agreed with fatigue parameter n estimated
by using Weibull shape parameter my. Thus, fatigue
parameter n can be estimated accurately by using Weibull
shape parameter my for fatigue lifetime distributions, which
is advantageous in reducing the number of samples in
fatigue tests.

On the other hand, the value of the fatigue parameter n
estimated, as done conventionally, by linear regression from
a logarithmical plotted SN diagram was about 140, which
differed widely from the value by the statistical estimation
mentioned above. This is due to the error produced by
dropping the information in the initial-fractured data and
censored which were neglected. In short, to accurately
evaluate ceramics fatigue life statistical processing is essen-

1000

600
500 [ (P S 1 - 11| L]

300

200

Maximum stress , g, (MPa)

100 L | L
10° 10° 10° 10° 107

Weibull's scale parameter,No'

Fig. 6. Log-Log representation of Weibull’s scale parameter Ny’ in
fatigue life distribution as a function of maximum stress Gmax.
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tial.

3.2. Observations of Fracture Origins

Figure 7 shows SEM photographs of typical fracture
origins (internal and surfacial defects). Defects here were
typical defects possibly produced by vaporizing organic in-
clusions at sintering. In shape, they were not penny shape
cracks but pores. And surface defects are opened pores. In
some test samples, no fracture origins were observed which
were often found originating on the surface.

The fatigue crack growth mechanism of ceramic is
generally recognized as mostly involved with SCG under a
constant load in SCC. The acceleration of crack propaga-
tion due to cyclic loading is often explained by an effect
similar to cyclic or dynamic SCC in metals.”” According
to the fatigue crack propagation due to SCC, there can be
no fatigue crack propagation from internal defects, however,
in this experiment, a considerable number of fatigue failure
from internal defects were observed. A similar result was
also observed in tension-compression fatigue tests with
silicon nitride by Masuda et al.”” These facts suggest that
there is a fatigue crack growth mechanism instead of SCC.

Thus, we discussed the characteristics of fatigue fractures
due to internal defects and those due to surface defects by
measuring the size of defects as fracture origins and then
calculating initial stress intensity factor K;. Most of the
defects observed in the experiment were pores with various
shapes. To deal with them as equivalent cracks, modifirac-
tion had to be made. As a modification where pores are
assumed as fracture origins, Baratta’s analysis, which as-
sumes a ring crack around a pore‘is well known." In this
model, the size of the crack around the pore depend on grain
size. This determination requires a number of assumptions,
suggesting that it is not very easy to apply Baratta’s analysis.
On the other hand, Kishimoto et al. reported that in analysis

(b) Surface defect

Fig. 7. Typical fracture origins of silicon nitride under rotating
bending test. Fracture origins are identified as pores produced by
vaporizing of organic inclusions at sintering.

(a) Internal fracture origin, (b) Surface fracture origin
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in tensile tests with ceramics actual phenomena can be as-
certained relatively well by measuring the area of defects as
fracture origins and simply assuming them as penny shape
cracks.'” This method is simple and we appled similar
analysis for experimentl results. Measuring the area of a
pore as a fracture origin and assuming the pore as equivalent
to a penny shape crack, we determined the equivalent radius
a = V(area)/T as the typical size of a crack. For surface
defects, the equivalent radius was determined as a=
N2(area)/w.

Stress intensity factor K; was calculated for surface semi-
circle and internal penny shape cracks by the followinge-
quation:

K= {1.22 (2/m)cVma (surface defects) (10)

2/m)oNna (internal defects)

For internal cracks, a corrected-stress in the center of a
defect was calculated. Figure 8 shows the relation between
initial stress intensity factor and fatigue lifetime. Fracture
origins are mainly surfacial defects in the short lifetime
region and internal defects in the longer lifetime region.
The values of fatigue parameter n for each fracture origin
were n=28 for surface defects and n=12 for internal defects,
showing that the fatigue crack growth mechanism somewhat
differs between the types of fracture origins. Fatigue frac-
tures due to internal defects involve shorter fatigue lifetimes
for the initial stress intensity factor than fracture lifetimes
involved with fatigue fractures from surface defects, and are
found more often on the longer-life side. This suggests that
internal defects involve cycle-dependent crack propagation.

From the results of tensile compression fatigue tests with
pressureless sintered silicon nitride and TEM observation
of the specimens, Masuda et al. considered that microcrack-
ing due to stress concentration of pre-existing defects is
influential as a fatigue mechanism.'” It has also been ov-
served in AE measurement by Kishi et al. that micrcracking
occurs at crack tip in ceramics.'® Nonlinear deformations
of crack tip due to microcracking possibly cause tensile
stresses to remain at crack tip even during unloading , which
are involved with fatigue crack propagation.”'” However,
much remains unknown about the cyclic fatigue crack
growth mechanism in ceramics and it is hoped that detailed
studies will be made.

3.3. K-V Diagram
Figure 9 shows the K-V diagram estimated from the ex-

E " 11 ]
o RN -
& Surface defect I |
2 'n=28 il ]
~ 60 T i ]
E s0 !
E sl - !
3 o ZL 14

g Agmanss
% f T‘
LU L]
> 30
5
2 |
2 |
g
g 20 : i
8
5
s
= | 1

| ] i
10° 10* 10° 10° 107

Number of cycle to failure,N

Fig. 8. The relation between the initial stress intensity factor (Kimax)
and number of cycle to failure under rotating bending test. The
stress intensity factor (Kimax) is calculated by equation 9.
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perimental results. Here, cyclic crack growth velocity V is
treated as da/dN. It was expected that the K;-V diagram was
composed of line (a) for SCC and line (b) for fatigue crack
propagation due to cyclic effect (hereinafter “cyclic FCG
(fatigue crack growth)). Crack growth velocity due to SCC,
dealt with here, is due to cyclic SCC containing acceleration
effect under a cyclic loading. (In the present test, stress ratio
=-1 and frequency t=50Hz.)

With surface defects as origins, fatigue cracks may grow
due to the sum of SCC and cyclic FCG, which is given by
curve (c). If maximum stress intensity factor Kigme for
surface defects is in the range above the intersection Kcs,
of line (a) for the SCC mechanism and line (b) for cyclic
F(G), a lifetime is governed nearly completely by crack
growth due to SCC. In the range of Kiuface < Kicrossr the
effect of SCC may generally be remarkable because SCC
shifts from the cyclic FCG dominant zone (Kios) to SCC
dominant zone (Ks). Here, fatigue life is expected to be
shorter because the effect of cyclic FCG in the Ki<Kjcross
zone is greater than with effect due to SCC only taken into
account.

When fracture origins are internal defects, there is no
crack growth due to SCC/ crack growth along line(b). Thus,
fatigue fractures from internal defects occur only when the
maximum stress intensity factor for surface defects Kigurface
is smaller than the maximum stress intensity factor for in-
ternal defects Kjnema and Kiinemal 1S t0 some extent smaller
than Ko Here, the crack growth velocity is lower than
that due to SCC, extending fatigue life.

Referring to the K-V diagram thus estimated, he discuss
the experimental results. Where surface defects are origins,
fatigue lifetime are shorter and with those surface defects
for which load K, is relatively longer and applied stress
intensity factors are found in lower ranges. Fatigue
parameter 7 here is smaller than with surface defects, which
suggests that there may be a different fatigue crack growth
mechanism. Although the data in Fig.8 scatters because it
involves errors in K; calculation, it shows that the ex-
perimental results can be explained by the assumed K-V
curves.

If fatigue crack growth differs between surface and in-
ternal defects, a competition between fracture origins must
be taken into account in a statistical analysis of fatigue
lifetime data. Fatigue crack growth due to surface defects

(c) Cyclic SCC + Cyclic FCG
( Surface defect )

Log (da/dN)

\ (b) Cyclic FCG ( Internal defect)

7 K1(cross)

Log (K1 max)

Fig. 9. The K-V diagram estimated by the relation between the
initial stress intensity factor and number of cycle to failure (see
Fig.9).

(a) Crack growth by Cyclic Stress Corrosion Cracking (Cyclic SCC)
(b) Crack growth by Cyclic Fatigue Crack Growth (Cyclic FCG)
(c) Crack growth of surface defects (Cyclic SCC + Cyclic FCG)

Journal of the Ceramic Society of Japan, Int. Edition

Vol. 99-481

competes with that due to internal defects and dominant
defects as fracture origins are determined by the more sig-
nificant fatigue crack growth. Ultimate fatigue life depends
on the distributions of surface and internal defects sizes and
the distributions of location of internal defects. To evaluate
the fracture behavior, a multi-modal Weibull distribution
must be applied.m) It may also be important to apply fatigue
lifetime analysis about changes in fatigue crack growth
characteristics due to load stress intensity factors as with
surface cracks.

4. Conclusion

The results obtained in the present study can be sum-
marized as follows:

1) Rotary bending fatigue tests are also applicable to
ceramics. A fatigue test with stress ratio R=-1 can be
carried out conveniently.

2) Data in SN diagrams scatter so widely that statistical
analysis is essential to evaluate fatigue behavior. Fatigue
lifetime distributions conformed to the Weibull distribu-
tion, and fatigue parameter n (calculated from Weibull
shape factor my for fatigue life distributions) and shape
parameter m (for fast fracture strength distributions)
agreed with parameter n calculated from Weibull scale
parameter N, and load stress Oppay.

3) Observing fracture origins, we found fatigue fractures not
only from surface defects but also from internal defects.
Fractures from internal defects were often found in data
with smaller applied stress intensity factors and longer
lifetime, which suggests that there may be a different
cyclic crack growth mechanism from SCC.

4) The experimental test results could be explained by Ki-V
diagrams assuming crack growth velocity due to cyclic
effect for internal defects or SCC and cyclic crack growth
together for surface defects.
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Bending Strength and Microstructure of Commercial
Porcelains for Tablewares
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The bending strength of commercial porcelains for
tablewares from ten makers in Tono district, Gifi-prefec-
ture was investigated by using test bars of the same size,
non-glazed or glazed and fired in respective markers. An
unglazed porcelain body which showed the maximum
mean bending strength of 8.9kg/mm’ had a maximum
relative density of 97.5% with pore size less than 20pum.
The bending strength of unglazed bodies was in the range
from 4.9 to 8.9kg/mm’ and was increased to the range
from 7.0 to 12.0kg/mm’ by glazing.

In general, when the compressive stress in glaze was over
2.0kg/mm’, fracture occurred from the origin in the
bodies and the glazing increased the bending strength of
porcelain bodies by about 3.5kg/mm’. Especially, pores
at the boundaries between glaze and body generated
during firing acted as fracture origins and reduced the
bending strength.
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Key-words: Bending strength, Porcelain, Tableware,
Porosity fracture origin, Glaze, Stress in glaze

1. Introduction

For tableware porcelain, importance has been given to
appearance rather than to strength. Recently, however, por-
celain tableware has come into wider use in places where a
lot of people gather such as schools, hospitals, hotels and
restaurants and into treatment in automatic washing
machines which involve some crushing. Such trends have
rapidly invited keen interest in porcelain strength, encourag-
ing high-strength porcelain tableware containing alumina to
appear on the market.

While there have been various studies on industrial por-
celain bodies such as insulators to improve mechanical
strength and a general theory on mechanical strength, there
have been few reports on the strength of porcelain tableware
partly because there is no unified measuring method for
tablewares,"™

With tableware, the strength of glazed products is impor-
tant but it is difficult to measure the glazed bending strength
of samples cut out of products. Also, stresses in glaze are
generally studied mostly in relation with the occurrence of
crazing.” In relation with the bending strength of porcelain,
there have been some qualitative studies but none on the
quantitative relation between stresses in glaze and increases
in strength except for reports on insulators by Yamamoto
and those on high-strength porcelain by us.?

We have already reported on glazed and unglazed bend-
ing strengths of high-strength porcelain containing
alumina.*” Using several porcelain bodies for tableware
produced in Tono district of Gifu prefecture (currently the
site of the world’s largest production of tableware por-
celain), we molded uniform test samples, fired them under
the same conditions as for actual products, and measured
their glazed and unglazed bending strength under the
method already reported.*” We thus obtained the relation
between the results of measurement and such factors as
microstructures, stresses in glaze, and fracture origins. To
our knowledge, as to the effect of glaze on the body, there
is no report on detailed observation of microstructures near
the border. Thus, for the glaze, the body and the border
between them in particular, we studied the effect of un-
uniformity on glaze and bubbles in the border between glaze
and body.

2. Experimental Method

2.1. Preparation of Test Bars

From the typical tableware porcelains produced in Tono
district, Gifu prefecture, we picked up about 10. Table 1
shows the results of their chemical analysis. Assuming
them as 3-component (quartz-feldspar-kaolin) systems, we
plotted them on a triangular diagram as shown in Fig.1.
From these bodies, we prepared test bars under the same
casting method shown in the previous report.(’) Before glaz-
ing, we biscuit-fired the moldings at 750°C for 30min in an
electric furnace and then glazed them using the same glaze
used by respective manufacturers under the same method
shown in the previous report.” In the following paragraphs,
the discrimination between nonglazing and glazing is made
by using the term “body” for the first and “porcelain for
the second, that is, body A, body B etc. for unglazed bars
and porcelain A, porcelain B etc. for glazed bars.

2.2. Firing

In a preliminary test to check the effect of the shape and
glazed conditions of samples, we heated body B in the
electric furnace from room temperature to 1000°C for 2.5h
and subsequently at a rate of 200°C/h to 1275°C, held it
there for 1h, fired it and then left it to cool down in the
furnace.

The test bars of commercial porcelain were fired under
the same conditions used by the manufacturers for firing.
The temperatures in the manufacturers’ kilns fluctuated
within £10° to 20°C. Thus it was not always possible to
reflect average firing temperatures and average product
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Table 1. Chemical composition of unfired commercial porcelain bodies.
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Sample name A B D E F G I J K
Si0. 67.75 68.61 66.73 67.96 72.50 68.01 67.95 67.33 68.03
Al203 21.67 21.05 21.33 20.88 18.21 22.59 20.34 20.68 19.71
Fe20: 0.11 0.26 0.61 0.53 0.77 0.33 0.36 0.61 0.62
Ti0. 0.05 0.07 0.26 0.23 050 0.14 0.13 0.26 0.33
Ca0 0.26 0.50 0.65 1.09 0.15 0.25 0.52 0.39 0.36
Mg0 0.05 0.13 0.16 0.16 0.14 0.3¢ 0.10 0.15 0.11
K20 3.81 2.90 3.60 3.40 2.02 3.04 3.50 4.09 4.72
Naz0 1.11 1.26 1.57 0.98 0.77 0.81 1.33  0.71 1.97
Ig.loss 5.21 5.15 5.06 4.71 4.92 4.43 5.06 4.96 4.19
Total 100.02 99.93 99.97 99.94 99.98 99.94 99.29 99.18 100.04
Quartz 28.13 31.59 26.60 31.10 43.39 30.17 30.32 30.23 25.41
Kaolin 38.63 37.98 35.08 34.78 37.15 43.97 34.55 37.05 27.51
Feldspar | 33.24 30.44 38.32 34.12 19.46 25.86 35.12 32.71 47.08

strengths but we placed the test samples at the best locations
expected to be kept at average temperatures. The unglazed
test bars were fired without biscuit-firing after molding.

To compare the firing conditions at the different kilns
coordinatively, we fired mep rings made by Riedhammer
(doughnut type inorganic bases for estimating firing
temperatures by measuring contraction due to firing)
together with the test bars. The mef rings were fired in an
electric furnace charged with air at the specified temperature
for 1h, and a very good correlation was obtained between
the hold temperature and the temperature measured from the
contraction coefficient of the rings. The temperatures
measured by the mef rings, shown below, are distinguished
by the symbol (MR) following °C.

The thicknesses of the glaze on the fired test bars ranged
approximately from 100 to 150um.

2.3. Measurement

To measure grain size distribution of the bodies, we used
Microscan made by Quanta Chrome. Adding soda
pyrophosphate as a deflocculant, we carried out a sufficient
dispersion treatment with the help of an ultrasonic washer
before measurement. We measured true density, bulk den-
sity and porosity by the same method shown in the previous
report.”

We measured the bending strengths of rectagular test bars
with a crosshead speed of 3mm/min by the method using
rubber plates employed in the previous report.” We set the
bars in such a position that a tension acted on its glazed
surface. For bending strengths, we obtained arithmetic
means from about 10 samples.

For round bars, there is no need to use rubber plates
because each sample is held in point contact at two points
of the support. We used an ordinary method for measuring
3-point bending strengths. The crosshead speed was
0.5mm/min in compliance with JIS R-1601.

With alumina contained high-strength porcelain bodies,
there was little difference in bending strength between
samples as fired and polished samples.” With ordinary
bodies, there might be some difference. So, preparing body
B test pars fired and polished with abrasive grain sizes #150,
#500 and #1000, we measured their bending strengths and
studied the effect of polishing.

To check the sintering of the body and reactions between
body and glaze in detail, we mirror-polished the cross-sec-
tions of glazed samples and observed their microstructures
under SEM. To examine remaining quartz and precipitated
mullite in detail, we also observed the samples having the
polished surfaces etched in 10% hydrofluoric acid for about
30s.

Quartz

20

40
wix

60 80

Feldspar Kaolin

Fig. 1. Composition of unfired commercial porcelain bodies in
Quartz-Feldspar-Kaolin system.

3. Results and Discussion

3.1. Effect of Measuring Conditions on Bending Strength

At present, there is no uniform method for measuring the
bending strengths of porcelain tableware. This is the main
cause of the disagreement among the results of many
reseachers.

With ceramics showing a homogeneous texture in
general, it is known that the effect of the size of samples on
bending strength can be estimated from the effective volume
derived from strength theory based on Weibull statistics; and
that with the material of the same quality, the smaller the
effective volume, the higher the bending strength.

In his book, Shiraki reported that with porcelain, the
situation is contrary, that is, the larger the diameter of glazed
and unglazed test bars, the higher the bending strength.” In
porcelain bodies, unlike homogeneous materials, stress dis-
tributions are complicated and furthermore stresses (in
glaze) are added to them. Thus, it is necessary to examine
in detail what effect stresses in glaze have on bending
strength.

Using body B, we investigated the effect of the size of
samples and processing methods on bending strength.

We fired body B samples at 1275°C for 1h in an electric
furnace. We measured the unglazed bending strength of
rectangular test bars under the same method using rubber
plates as shown in the previous report.”’ With 30 samples,
the mean bending strength was 8.7kg/mm’ with a standard
deviation of 3.86%. The strength distribution could be rep-
resented in 2-variable Weibull statistics as shown in Fig.2,
which showed little scatter and a Weibull coefficient of
about 32. This proves that the measurement of bending
strength was at a high level of accuracy.



Kobayashi, Y. et al.

With rectangular test bars, the bending strength was
10.8kg/mm” for one-side glazing and 10.2kg/mm” for over-
all glazing. The value for one-side glazing is about 5%
larger than that for overall glazing. This may be because
the glaze on the sides swelled due to surface tension, caus-
ing the measured width of the samples to be a little larger.
With this value for the width corrected, the bending strength
was calculated as about 11.0kg/mm’, which is close to the
value for one-side glazing.

Table 2 shows the measured bending strengths of round
and rectargular bars of porcelain B. The values for round
bars, both glazed and unglazed, are about 13% larger than
those for rectargular bars. With round bars different in
diameter, the thinner bars showed higher (though only a
little) glazed and unglazed bending strengths than the thick-
er ones, which is contrary to Shiraki’s report. These results
can be explained from stress distributions in samples and
the concept of effective volumes mentioned above in bend-
ing strength tests. In other words, it is assumed that with
the same volume, the round bar has a smaller effective
volume than the square bar and thus a higher bending
strength. Thus, with porcelain body, it can also be repre-
sented as dimensional effect of samples under the concept
of effective volume based on Weibull statistics.

The effects of glazing also agree very well between round
and square bars with strength increases of 23 or 24%. This
suggests that the shapes and sizes of sample cross-sections
have little effect on stresses in glaze.

Table 3 shows the effect of polishing on the bending
strength of samples not glazed after firing. With the high-
strength porcelain body contaning alumina in the previous
report, in the bending strength range above 20.0kg/mm’
with sufficient material pulverization, no bending strengths
involved with fractures started internally were observed un-
less the surfaces were polished with abrasive grain sizes
#1000 or less. With body B, the bending strength of the
samples polished with any abrasive grain size were about
10% higher than of the samples not polished, showing little
difference with abrasive grain size. This may be because
the grain size of body is so large that even with the largest
abrasive grain size of #150, surface cracks are smaller than
internal fracture origins in the body. The samples used in
the following tests were made by casting the body into
rectangular bars and glazing some of them only on one side.

3.2. Unglazed Bending Strength and Pores
From the results of chemical analysis on the assumption
that the bases used in the tests are composed of 3 com-
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Fig. 2. Weibull plot of bending strength of body B fired at 1275°C
for 1 hr.
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Table 2. Effect of shape of test bars on bending strength of por-
celain B fired at 1275°C for 1 hr.

Shape of test bar gnzlazedStﬁ:ﬁ:(kg(i/l.:zz:d/llll::li:zed
Biklial | o ww L
l(lg'_lgg.‘gg 9.95  12.36 1.24
B e we um

Table 3. Effect of lapping of test bars on unglazed bending strength
of body B fired at 1275°C for 1 hr.

Bending strength of

Condition of surface
unglazed body

Unlapped 8.78kg/mm?
Lapped (#150) 9.61
Lapped (#500) 10.03
Lapped(#1000) 9.79

Table 4. Firing temperature of commercial porcelains measured by
MeB-Ring.

Firing temperature porcelains
1250 ~ 1275 °C(MR) AK

1275 ~ 1300 B
1300 ~ 1325 E
1325 ~ 1350 DF
1350 ~ 1375 cIJ
1375 ~ 1400 GH

ponents — quartz, feldspar and kaolin — the contents of
these components, except for body F, can be calculated as
25t0 32, 25 to 47 and 27 to 44% respectively, which belong
to the composition category called soft porcelain.

The results of X-ray diffraction analysis show that most
of the body are composed of quartz, feldspar, kaolin or
halloysite and sericite. These bodies differ from the body
mainly composed of pottery stone in that they contain ample
feldspar and kaolin, and a small amount of silica rock and
sericite.

The manufacturers’ firing temperatures measured with
mep rings ranged widely (1250° to 1396°C(MR) as shown
in Table 4.

Figure 3 indicate that the grain size of the bodies ranged
narrowly, showing little difference with the bodies. This is
because the manufacturers use similar material composi-
tions and manufacturing methods. Only body K is some-
what different from the others, which is due to its particular
material composition as shown by the results of chemical
analysis.

Figure 4 shows the measured bending strengths of por-
celains from the manufactures. The names of the samples
are shown by alphabet, from the one having the highest
unglazed bending strength at the left and to others in des-
cending order. The lowest and the highest unglazed bending
strengths measured in this test were 4.9 and 8.9kg/mm’
respectively. Figure 5 shows the frequency distribution of
the data.

When studying the sintering of bodies conventionally,
only the water absorption was measured in most cases.
With the bodies in this study, all of the water absorption
were below 0.2%, which makes comparison impossible.



Vol. 99-486

Thus, we measured the bulk densities and true density of
the body and calculated total porosities. The results are
shown in Fig.6. Here, the lower the total porosity, the
higher the unglazed bending strength, proving that the body
must be sintered densely in order to increase mechamical
strength. Most porcelain bodies showed porosities from 5
to 7.5%. The values for bodies A and B were 2.5 and 3.2%
respectively. Conventional porosities of porcelain bodies
already reported are mostly above 5%. Compared with this,
body A and B sintered very densely.

We mirror polished the bodies and observed the size,
shape etc. of remaining pores with the SEM. The results
are shown in Fig.7.

Body A, which showed the highest unglazed bending
strength, had been fired at 1275°C (MR), which is relatively
low among the others in the present test. Its high bending
strength may be the result of the high relative density. From
the results of SEM observation, as shown in Fig.7, pores are
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Fig. 3. Particle size distribution of unfired porcelain bodies.
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very few and mostly below 20pum in size.

In these samples, we could not discriminate between
quartz and glass-mullite areas. So, we etched their surfaces
in a 10% hydrofluoric acid solution for about 30s and ob-
served likewise. The results are shown in Fig.8.

Cracks and surroundings of pores appear white because
of the edge effect peculiar to the SEM. The portions look-
ing gray are the zones in which mullite is precipitated.
Quartz particles look darkest here.

Quartz is hardly affected by etching; around the quartz
particles are newly found large annular cracks. This may
be the result of large internal remaining stresses due to the
difference in thermal expansion between glass-mullite areas
and quartz, which promoted selective etching and resultant
crack growth. As shown in Fig.8(a), such cracks are
generally found around large quartz particles. As shown in
Fig.8(b), glass layers about lum thick (without mullite)
were observed around quartz particles.

They may be the silica-rich glass produced by the reac-
tion between quartz and glass-mullite produced in the reac-
tion between feldspar and kaolin. In body A, the width of
the layer is small, showing that body A were not heated so
high. As shown in Fig.8(c), the glass-mullite areas contains
two zones: one relatively sparsely planted with mullite
needless below 0.5um in dia. and the other covered densely
with small mullite crystals.

Body B, which showed the second highest unglazed
bending strength of 8.4kg/mm’, had also been fired at a
relatively low temperature of 1288°C (MR). Its porosity
was a relatively low 3.2%, comparable with that of body A.
From Fig.7, it is evident that pores are few and small. How-
ever, large pores, of about 15um are included, suggesting
that pores grow as firing temperature rises.

Body D shows a porosity of about 5% and a bending
strength of 7.5kg/mm2, which is average. There are a lot
of large pores about 20pm and few small pores.

The widths of the amorphous layers around quartz par-
ticles after etching are larger than for bodies A and B, which
is consistent with the higher firing temperature than for
bodies A and B.

Body F contains only a small amount of feldspar and
ample quartz. X-ray diffraction analysis of fired body F
detected a trace of cristobalite, which however did not have
any particularly large effect on bending strength.

Body H, fired at the highest temperature of 1396°C (MR)
in the present test, showed a relatively low bending strength
of 7.1kg/mm’. Its porosity was about 7.5%, the highest of
all the samples. As shown in Fig.7, pores are mostly large,
above 20um in dia.
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Fig. 8. SEM photographs of lapped surface of fired body A, etched with 10% HF solution.

The results of grain size analysis showed that body K
contained the coarsest grains. Thus, it showed the lowest
bending strength: 4.9kg/mm2. Its firing temperature was
1260°C (MR), which was also the lowest. The photograph
for this sample in Fig.7 shows that there are a lot of long
voids along the contours of large particles, suggesting insuf-
ficient sintering. The total porosity of K was 6.5%, rather
high. In other words, it is assumed that melted feldspar is
still so viscous that it cannot pervade small cavities or is so
scanty that there are still a lot of thin square voids left. Such
thin pores are linked together with small stresses, acting as
large fracture origins. This may be the cause of only a low
bending strength being obtained.

We have looked over bending strengths of bodies includ-
ing the aspects of microstructure. There is no doubt that
firing temperature has a great effect on bending strength.
This will be dealt with in detail in another report.
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Fig. 9. Effect of stress in glaze on the increase of bending strength
and location of fracture origins.
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3.3. Glazed Bending Strengths and Microstructures

Microscopically observing the fractures of all samples
submitted to the bending strength measurement, we checked
in detail whether fracture origins were in the glaze or in the
body. We also studied the results in relation with stresses
in glaze measured by Inada’s method.” Glazed bending
strengths and frequency distributions are included in Figs.4
and 5 respectively. Fig.9 shows the relations between stress
in glaze and increase in strength due to glazing (glazed
bending strength-unglazed bending strength, kg/mmz) and
between stress in glaze and ratio of fracture origins in the
body (the number of fracture origins in the body/the total
measured).

The lowest and the highest bending strengths were 7.0
and 11.9kg/mm’ respectively. The increases in bending
strength due to glazing differed with the bodies, ranging
from -0.5 to 3.6kg/mm”. With porcelain E, which showed
a lower glazed bending strength than the unglazed bending
strength, there was a tensile stress of about 0.5kg/mm’ in
the glaze. Its low glazed bending strength is possibly be-
cause the glaze cannot stand the tensile stress, causing a
fracture to initiate in it before the body fractures. With
porcelain E, thus all thus fracture origins were in the glaze.

As shown in Fig.9, as the compressive stress in the glaze
increases, the fracture origins after gradually from the glaze
to the body and when compressive stresses in the glaze are
nearly above 2.0kg/mm’, fractures mostly initiate in the
body. As the compressive stress increased, the bending
strength also rose but not over 3.5kg/mm’ with any por-
celain sample even when the compressive stress in the glaze
was over 2.0kg/mm” because of the shift of fracture origins.

Fig.9 shows that in order to increase glazed bending
strength, the stress in the glaze must be high, but the glazed
bending strengths of all porcelain samples were not raised.

Fig. 10. SEM photograph of boundary of glaze and body.
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With some porcelain samples, there must be other factors
which reduce bending strength. Then, using an SEM, we
observed the microstructures in the glaze and on the border
between glaze and body.

With porcelain E, as shown in Fig.10, there are few bub-
bles on the border between glaze and body and scarcely any
in the glaze. Glazing of K caused its bending strength to
increase by more than 3.0kg/mm’.

With porcelain C, which contained a lot of large pores in
the body, bubbles were produced on the border between
glaze and body as shown in Fig.10. Probably the gas
emitted from the body was taken in, making large bubbles
at the border between melted glaze and body.

In the glaze, there is some air which turns into bubbles
when the glaze melts, but such bubbles are not very large:
generally smaller than 30um. On the other hand, those
bubbles produced as the air in the body and the gas emitted
from the material are taken into the border when the glaze
has melted may grow large depending to a great extent on
the properties of the body and firing conditions. Bubbles
up to 100um were observed in porcelain C, as shown in
Fig.10. Such large bubbles could be fracture origins, having
a great effect on strength. In fact, as shown in Fig.9, despite
the glaze stresses over 1.8kg/mm’, with porcelains A and C,
the increases in their bending strengths are only 2.0kg/mm?’,
while the bending strengths with other porcelain samples
increase by about 3.0kg/mm’ if the stresses in glaze are
above 1.8kg/mm’. Here, large bubbles at the border be-
tween glaze and body may become fracture origins, having
an negative effect on glazed bending strengths. This may

Fig. 11. Crack (a) and unresolved quartz grains (b) in glaze ap-
peared by etching with 10% HF solution.
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be why half of the fracture origins with porcelain C are not
in the body.

Furthermore, a sign of other fracture origins was found
in the glaze. As shown in Fig.11, etching the polished sur-
face of porcelaim discovers that there are cracks in the glaze
of porcelain H and undissolved quartz particles in the glaze
of porcelain G. Such local unevenness of compositions and
undissolved particles can possibly become causes of internal
stresses or fracture origins or have an negative effect on
porcelain strength. This shows that even with large com-
pressive stresses in the glaze, if there are coarse quartz or
other particles in the glaze because of insufficient pulveriza-
tion, they can be fracture origins, preventing porcelain with
a sufficient strength from being produced.

3.4. Effect of Glaze Stresses

Studying the effect of glazing on the bending strength of
round bars about 1.2cm in diameter, C. Bettary and H.-W.
Webb reported that bending strength could be raised by
about 30% by reducing the coefficient of thermal expansion
of the glaze below that of the body but they did not show
any values for stresses in glaze." To calculate glaze stress
o, for glazed round bars from the difference in the coeffi-
cient of thermal expansion between glaze and body, W.
Spath presented a formula

= BiBgg
%= E g+E (g PAT
where
E, and E, : moduli of elasticity of the body and glaze,
respectively
By and B, : coefficients of thermal expansion
AT . difference (750°C here) between room

temperature and the temperature at which
the glaze solidifies during cooling

q . thickness ratio of the glaze to the body.
Calculating the difference in the coefficient of thermal ex-
pansion as a glaze stress from the results by C. Bettany and
H.W. Webb by using the formula above, we find that the
bending strength is raised by about 3kg/mm?’ with a glaze
stress of about 2kg/mm? and that if the glaze stress rises up
to 12kg/mm?, the bending strength will no longer rise. Here
the moduli of elasticity of the glaze and the body are as-
sumed as nearly equal: E,=E~0.8x10%kg/mm’ ® Al-
though their reports involve some uncertain factors such as
the solidifying temperature of the glaze during cooling and
the difference in the coefficient of thermal expansion, their
results agree well with ours. However, they show nothing
about the mechanisms of strength increases, their relation
with fracture origins etc.

For industrial insulator porcelain, Yamamoto explains
that because glaze suppress stress concentration by filling
up cracks in the body surface, it allows the proper strength
of the body to emerge and that the strength of the body
without glaze can be increased by 20 to 30% by applying a
suitable stress in glaze for the proper strength of the body.”
He also adds that when fractures initiate in the body as the
compressive stress in the glaze increases, a shearing stress
is produced by this compressive stress in the glaze, causing
the glazed bending strength to turn downward.

Such decreases in glazed bending strength were not ob-
served in our study. This may be because the compressive
stresses in the glaze of tableware porcelain concentrated in
lower ranges than the results by Yamamoto. However, once

1
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the strength reaches its limit, fractures mostly initiate in the
body, which somewhat differs from the results by
Yamamoto showing that as fractures initiate in the body, the
porcelain strength tends to decrease. As for the comparison
between unglazed and glazed bending strength, within the
scope of the present study, the bending strengths were in-
creased by glazing to 1.65 times, although some scatter was
involved, with body K which had a low strength and to 1.42
times with body B which had a high strength. In short,
strength increases differed with samples, suggesting that
comparison in terms of bending strength ratio are not always
suitable. From the results above, with bodies of the quartz-
feldspar-kaolin system for tableware, it may be possible to
increase unglazed bending strengths by 3.5kg/mm’ by con-
trolling stresses in glaze within the range of 2.0 to
6.0kg/mm’.

4. Conclusion

The bending strength of a round bar is about 1.1 times
that of a rectangular bar of nearly the same volume.

Irrespective of the shape of samples (prism or round bar)
bending strengths are raised by glazing by the same factor.

The measured value of unglazed bending strengths scat-
tered very little. The standard deviations averaged 3.64%.

The bending strengths of polished body samples are up
to 14% higher than that of samples as fired.

The unglazed bending strengths of porcelaiun bodies in
Tono district, Gifu prefecture ranged widely from 4.9 to
8.9kg/mm” and the glazed bending strength ranged more
widely from 7.0 to 12.0kg/mm”.

Under proper composition and firing conditions, por-
celain bodies can be sintered up to a relative density of
97.5%.

If air left in the body and gas emitted from the material
are trapped into the border between body and glaze during
firing, producing large bubbles, they can be fracture origins
and cause the strength to decrease.

Glossy glaze made by firing is not always composed of
a homogeneous vitreous phase but contains internal stresses
due to undissolved quartz and compositional irregularities,
which have some effect on glazed bending strength. If com-
pressive stresses in glaze are below 2.0kg/mm” in commer-
cial tableware porcelains, fractures initiate in the glaze, not
allowing the strengths to rise largely.

Glazing permits the bending strength of tableware por-
celain to increase by 3.5kg/mm’. Strength cannot be raised
any more by only increasing compressive stresses in the
glaze.
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Structural Change in Plasma-Sprayed Alumina Coatings
by Laser Melting (Part I: On Continuous Wave Mode
Treatment)

Tetsuya Senda and Chiori Takahashi

Ship Research Institute, Ministry of Transport
6-38-1, Shinkawa, Mitaka-shi, Tokyo 181, Japan

Structural change in the plasma-sprayed alumina coat-
ings by laser melting was investigated. Three layers were
observed in the cross-section of laser-treated coatings,
melted, heat-affected and as-sprayed zones. X-ray dif-
fraction analysis revealed that both the melted and the
heat-affected zones. X-ray diffraction analysis revealed
that both the melted and the heat-affected zones were
entirely alpha-alumina, while the as-sprayed zone con-
sisted of mainly gamma-alumina. The melted zone, a
portion apparently melted by laser with subsequent
solidification, had a columnar structure with less
porosity but with many cracks. The heat-affected zone
is probably a portion which did not melt but underwent
the phase-transformation from gamma to alpha phase
by laser heating. The relationship between the coating
structure and laser parameters, such as powder and
beam traverse speed, was also investigated by one-pass
treatment under various conditions. When treated
under the conditions such that the beam speed is propor-
tional to the laser power, the size of the heat-affected zone
increased with the increase both in beam speed and laser
power. This indicates that the size of the heat-affected
zone depends on the energy density rather than the total
energy input. Experiments under various beam traverse
speeds revealed that the grain size in the melted zone
was inversely proportional to the square root of the beam
traverse speed.

[Received December 12, 1990; Accepted February 20,
1991]

Key-words: Laser, Alumina, Plasma spraying, Porosity,
Microcrack, Phase transformation

1. Introduction

Ceramic thermal barrier coatings of jet engines are
porous because they are prepared by plasma-spraying."”
The presence of pores contributes to the improvement of
thermal shock resistance, but lowers the corrosion resistance
of substrates because those pores are open pores. Since
pores on the surface can be considered a type of flaw, such
pores may lower the strength of the coatings. In order to
improve such defective points, attempts have been made to
melt and re-solidify the surfaces of thermal-sprayed coatings
by irradiation of a laser and achieve the densification and
smoothness of the surfaces.”®

However, laser-treated ceramic coatings tend to contain
a large number of surface cracks which are probably caused

by thermal stresses, and these problems have not yet been
solved. Structural changes in laser-treated coatings depend
on treating conditions, but details of such structural changes
are not known. Besides, the influence of each treatment
condition is not fully understood. By using alumina-
sprayed coatings as specimens, the present study was carried
out by laser-treating the specimens through simplification of
irradiation conditions and then investigating experimentally
how the resulting structural changes would depend on the
treating conditions. In this report, changes in laser-treated
coating structures were investigated in detail. Relations be-
tween treating conditions and coating structures were also
examined by carrying out one-pass treatment using beams
of the continuous wave mode.

2. Experimental Method

Alumina coatings as specimens were produced by the
ordinary atmospheric plasma-spraying. Alumina powders
as a spray material were over 99.6% pure, had an average
diameter of some 19um, and their diameters ranged from
10pum to 44pm. A torch, Plasmadyne SG-100 model, was
used for spraying, and its gas for creating a plasma jet was
a mixture of argon (50 L/min) and helium (13 L/min), with
argon (8.2 L/min) as the powder transporting gas. The input
of the torch was 31V and 900A. The distance between the
torch and the substrate was 90mm. The substrate was made
of mild iron of 60mm x 60mm x 2mm whose surface was
treated by sand-blasting. The substrate was cooled by air
from the back surface while the spraying was carried on.
Figure 1 shows a photomicrograph by the scanning electron
microscope of the surface of the sprayed coating as a
specimen and a micrograph by an optical microscope of its
polished cross section. The thickness of the coating was
approx. 0.35mm. The sprayed coating is formed by ac-
cumulation of the particle flattened and solidified from melt-
ing. The dark areas inside the coating as seen in the
cross-sectional photomicrograph are considered to represent
scars caused by the pull-out of alumina grains during grind-
ing.

The laser apparatus employed for the experiment was
composed of a carbon dioxide laser with the maximum out-
put of 1kW and a work table having the maximum moving
speed of Sm/min. Although the laser could be used with
either a continuous wave (CW) mode or a pulsed mode (100
to 3000Hz), only the continuous wave mode was used in the
experiment for this report. Surface treatment is usually ac-
complished by laser irradiation of two-dimensional scan-
ning. In this study, however, the laser scanning was done
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(a)

100pm substrate
Fig. 1. Photomicrographs of as-sprayed alumina coating.

(a) Scanning electron micrograph of top surface, (b) Optical
micrograph of cross section.

once in one direction (one-pass treatment) in order to
evaluate the effect of each condition with simplified par-
meters. In this case, such parameters as laser power, beam
diameter, and the traverse speed (scanning speed) of the
beam become important. In case one-pass treatment is car-
ried out in the continuous wave mode, both the beam
diameter and laser power affect energy density. In this ex-
periment, only the laser power was varied, while the beam
diameter was kept constant. The focal distance of the lens
was 127mm, and the specimen was placed 28mm from the
focal point. The scanning of the beam was accomplished
by moving the table on which the specimen was mounted.
The laser power ranged from 40W to 300W, while the beam
traverse speed was in the range from 0.4m/min to 4m/min.
The exit of the laser beam was in the shape of a nozzle, and
argon gas was blown (0.01MPa) toward the surface of a
specimen in order to protect the lens.

A specimen which underwent laser irradiation was cut at
right angles to the direction of the beam traverse. The cross
section was then polished, observed with an optical micro-
scope, and scanning electron microscopic (SEM) observa-
tion was then made to investigate changes in the coating
structure.  Polishing was accomplished with the use of
emery paper and diamond past. The final finish was ob-
tained using diamond paste of 1/4um. X-ray diffraction was
also carried out to investigate changes in the crystal struc-
ture.

3. Experimental Results and Discussions

3-1. Structural Changes of Coating

Figure 2(a) is an optical microscopic picture showing a
cross section of a one-pass treated coating. The beam was
irradiated from the top of the picture downward and moved
at the right angle to the picture surface. The areas irradiated
by the laser were found to have three layers. The first layer
was found to have cracks and to be denser than the original
coating. This is considered to represent that area which was
melted by the laser irradiation and then solidified (to be
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discussed later). The surface of this area was hump-like and
uneven. The second layer was found enclosing the first
layer and represented by a rather dark area in the
photomicrograph.  This area, having higher apparent
porosity than the original coating, is regarded to have been
affected in some way by the laser irradiation. The third
layer was not different from the original coating, and is
considered to have not been affected by the laser treatment.

Figure 2(b) shows an SEM image of the fracture surface
of the coating. Columnar crystals are seen in the area cor-
responding to the first layer of Fig. 2(a), and finer crystals
are seen closer to the second layer. The picture of the frac-
ture surface does not any clear distinction between the
second and third layers, both of which have a structure of
flattened particle accumulation.

Figure 3 shows SEM images of zones appearing on the
surfaces of the first and second layers. The first layer of
Fig. 3(a) shows no structure of flat grains, and is totally
different from the surface of the original coating shown in
Fig. 1. Although the surface is similar to a sintered body,
cracks were observed. The second layer shown in Fig. 3(b)

Fig. 2. Photomicrographs of cross-section of laser-treated coating
(70W, 0.4m/min).

(a) Optical micrograph of polished cross-section, (b) Scanning
electron micrograph of fracture surface.

Fig. 3. SEM images of top surface of laser-treated coating.
(a) Laser-melted zone, (b) Heat-affected zone.
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does not appear to be different from a sprayed but untreated
surface in terms of a macroscopic structure of particle ac-
cumulation; it seems to have many more microcracks inside
the grains compared to Fig. 1, and those cracks are wider.

Figure 4 shows results of X-ray diffraction of the first
layer, a zone of the second layer obtained by eliminating the
first layer by polishing, and the sprayed coating surface
before laser irradiation. The sprayed but untreated surface
is made of y-alumina containing c-alumina as shown in Fig.
4(a), while the first (pattern b in the figure) and the second
layer (pattern c) are o-alumina which does not contain a
Y-phase.

Although the powder before the spraying was o-alumina
(hexagonal structure), the main component of the sprayed
coating was y-phase. Presumably this is because the y-phase
(cubic structure), a metastable phase, was formed due to an
extremely high cooling rate (over 10°K/s) of melted par-
ticles solidifying on the substrate; the presence of o-phase
is considered to have been caused by the particles in imper-
fect melting.'” It has been reported that by setting up spray-
ing conditions (carefully), a film of nearly 100% 7y-phase
can be obtained."” In contrast, it is thought that the first
layer, considered as a melted layer formed by the laser, has
been solidified as a stable o-phase from room temperature
to the melting point because the cooling rate in the case of
laser irradiation is slower compared with the case of spray-
ing. The slow cooling rate can be presumed from the fact
that the first layer has grains of far greater size than those
of fine crystals observed in the second and third layers."”

These results have confirmed that the first layer is a zone
which was re-solidified after being melted by laser irradia-
tion. There appear fine crystal grains near the second layer.
Because it is assumed that the slower the solidification
speed is the finer those grains are, the cooling and solidify-
ing processes are presumed to begin from near the substrate
rather than the surface. Those humps on the surface can be
considered to have been formed due to the presence of a
surface tension at the time of melting or because of the gas
being blown from the nozzle near the laser beam exit.

In contrast, the second layer has no sign of having
melted, but is changed to a-phase. It is reported that -
alumina is transformed into a-alumina at over 1000°C to
1200°C."  As for sprayed coatings which mostly contain
Y-phase, Thompson and Whittemore have made detailed in-
vestigations and found that these coatings also undergo
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Fig. 4. X-ray diffraction patterns.
(a) As-sprayed surface, (b) First layer (laser-melted zone), (c)
Second layer (heat-affected zone).
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phase transition by a heat treatment."”” More specifically, it

has been reported that under the heat treatment of 4h at
1149°C, a phase transition takes place to o phase and &
phase which contain minute amounts of K phase and 6
phase and, further, that a heat treatment that at over 1260°C
for 1/2h causes a complete transition to o phase. Similarly,
Heintze and Uematsu have obtained o-alumina coatings
first by spraying in a ordinary atmosphere and then heating
the coatings with a plasma torch."” Since the density of
o-alumina is approximately 4.0g/cm’ while that of ¥-
alumina is 3.65g/cm’,” the transition from Y phase to a
phase is accompanied with a volume reduction of nearly
10%. For this reason, the porosity increases due to a heat
treatment as reported by Thompson and Whittemore,' and
Heintaze and Uematsu reported that a large number of
microcracks have been observed within the particles of o~
alumina coatings which were re-heated after spraying.'”

In view of these reports, the second layer may be con-
sidered to be a zone which had a phase transition completed
from 7y to o phase by the effect of laser heating though not
melted by the heat. The time duration for which laser ir-
radiation exerts a thermal influence is short, as compared to
experiments indicated in the above reports. Because the
phenomenon is probably a thermal activation process, it is
considered quite possible for a phase transition to complete
in a short time, as in the present research, if the temperature
is sufficiently high. The microcracks observed in Fig. 3(b)
are the same as those observed by Heintze and Uematsu,
which are considered to have been caused by a reduction in
volume associated with the phase transition. It seems also
to be related to an increase in the dark zones in the second
layer of Fig. 2(a). In fact, the measurement of porosity by
processing the SEM image of a cross section indicated that
the porosity of the third layer or as-sprayed coatings was
5%, while that of the second layer increased to 13%, with
the difference precisely representing the volume change.
Nevertheless, the comparison of Fig. 1(a) and Fig. 3(b)
seems to indicate that an increase in porosity associated with
a volume change brings about the enlargement of
microcracks within the particles, so that only a minor in-
crease in the number of macroscopic pores as seen in Fig.
2(a) is considered to occur. On the other hand, the genera-
tion or enlargement of microcracks may weaken the bonding
force among sprayed particles so as to possibly cause an
increasing number of particles to drop off during the process
of specimen polishing. An apparent increase in porosity is
considered to be caused both by a volume change and by
grains dropping off due to this volume change.

In summarizing the preceding results, the structure of an
alumina-sprayed coating which underwent a one-pass laser
treatment can be represented schematically as in Fig, 5; the
coating has a three-layer structure, with the first layer being
a zone which was melted by laser irradiation and re-
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hump height
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/@ g

@ melted zone

@ heat-affected zone
@ as-sprayed zone

@ steel substrate

Fig. 5. Schematic of cross-section of laser-treated coatings.
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solidified (melted zone), the second layer being a zone in
which a phase transition took place as a result of the heat
to increase microcracks (heat-affected zone), and the third
layer being a zone which was not affected at all (as-sprayed
zone).

3-3. Relationship between Coating Structure and Laser
Treatment Conditions

The structure shown in Fig. 5 can be evaluated using
parameters such as widths and depths of the melted zone
and the heat-affected zone, the size of crystal grains in the
melted zone, and lengths of cracks per unit area. In the
following, the relationship between these parameters and
laser treatment conditions will be discussed.
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£ o 4 m/min
E ® 2 m/min
N a 1 m/min
o A Q4m/min
€
RL
2
T
€
k]
£ I
2 b
B - . |
0 1 2
(a) Width of heat-affected zone, mm
015
£ beam traverse speed .
E 04 m/min .
8‘ ® 2 m/min
s 01 a1 m/min
N A04 m/min
o
2 .
2005
kS
<
3 0 . L
& 0 01 02
(b) Depth of heat-affected zone, mm

Fig. 6. Relationship between melted zone and heat-affected zone.
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Fig. 7. Relationship between laser power and size of the heat-af-
fected zone. (a) Width, (b) Depth.
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Figure 6 shows relationships between the widths of the
melted zone and the heat-affected zone of the coating treated
by changing the laser power and the beam traverse speed
and also between the depth (thickness) of the melted zone
and the depth (from the surface) of the heat-affected zone.
Although there is some scattering, particularly in depth, the
size of the melted zone is generally related to that of the
heat-affected zone almost linearly. In consequence, both
zones need not be evaluated independently. Hence the
width and the depth of the heat-affected zone will be
evaluated because of the ease with which observations can
be made at low laser power levels.

Figure 7 illustrates the relationship between the width or
the depth of the heat-affected zone and the laser power,
using the beam traverse speed as its parameter. As ex-
amined in Fig. 6, exactly the same tendency was revealed
for the relationship between the width or the depth of the
melted zone and the laser power. If the laser power is
increased while keeping the beam traverse speed constant,
then both the width and the depth of the heat-affected zone
become larger, but each seems to reach a saturation point
somewhere. When the laser power is increased beyond the
range indicated in the graphs, the coating is destroyed
probably because it starts to boil, thereby making it impos-
sible to carry out a normal treatment. If the beam traverse
speed is increased while keeping the laser power constant,
then both the width and the depth become smaller, but this
seems obvious because the faster the beam traverse speed
the smaller the time integral value of the incident heat on a
unit area, namely, the total imputenergy of irradiation.

Therefore, the total amount of incident heat can be made
constant by increasing the laser power in proportion to the
increasing of the beam traverse speed. In this case, the
relationship between the width and the depth of the heat-af-
fected zone is established as shown in Fig.8. Both the width
and the depth can be made bigger by increasing both the
laser power and the beam traverse speed. In other words,
the width and the depth of the heat-affected zone can be
considered to depend rather on the energy density than on
the total energy irradiated. It can also be said that the short-
time irradiation of high-density energy can treat a bigger
volume than the long-time irradiation of low-density energy.
In this case, both the width and the depth have exactly the
same tendency as shown in Fig. 8.

For each beam traverse speed, laser power output condi-
tion was chosen in such a way that the width of the heat-af-
fected zone was nearly the same in reference to Fig. 7(a).
Figure 9 shows SEM images of the surface of the melted
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Fig. 8. Effect of energy density on the size of the heat-affected

zone.
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Fig. 9. SEM images of top surfaces of the melted zone.
(a) Beam traverse speed of 0.4m/s, laser power of 70W; (b) 1m/s,
100W; (c) 2m/s, 150W; (d) 4m/s, 225W.
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Fig. 10. Effect of beam traverse-speed on the grain-boundary in-
tercept length.

zones which were laser-treated under these conditions. In
this case, the laser power was also varied, thereby changing
the energy density. However, it is considered that the den-
sity change essencially represents the effect of the beam
speed. The size of crystal grains becomes smaller as the
beam speed becomes higher. The shapes of the grains are
close to an equilateral polygon when the beam speed is low,
but become almost rectangular at higher speeds. Although
cracks appearing on the surface were evaluated in terms of
crack length per unit area on the SEM images, these four
conditions did not really yield any clear distinction.

As seen from the photomicrograph of the cross section
in Fig. 2(b), the grains seen from the surface are columnar
crystals, and the definition of their size is difficult because
the shapes of the grains are anisotropic. For this reason, an
attempt was made to carry out relative comparison of grain
sizes based on the average value of the lengths of those line
segments crossing the grain boundaries (intercept length)
which were produced by arbitrary straight lines drawn on
the photomicrograph, and the results are shown in Fig. 10.
The grains clearly become smaller as the beam speed gets
higher, and the grain size (intercept length) is inversely
proportional to nearly the square root of the beam traverse
speed. The beam traverse speed is inversely proportional to
the residual time of the beam at a certain point on the
specimen, and is deeply related to the time duration for
which the specimen is maintained at a high temperature. In
other words, it can be assumed that the longer the grains are
kept at a high temperature, the bigger their size becomes.
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5. Conclusions

Investigations were carried out on the structural change
in alumina-sprayed coatings which underwent mainly one-
pass treatment by laser. As a result, it was found that the
laser-treated alumina coating had a three-layer structure,
consisting of a melted zone formed by the melting from the
surface and re-solidifying, a heat-affected zone formed by
phase transition by heat, and an unaffected zone. When the
change in the width and the thickness of the heat-affected
zone was examined by varying the laser power and the beam
traverse speed, it was found that as long as the total energy
irradiated on the coating was constant, the short-time ir-
radiation of the beam of high energy density produced a
heat-affected zone of bigger volume. The grain size in the
melted zone became smaller as the beam traverse speed was
increased. In the ranges used for this experiment, the treat-
ment conditions did not particularly affect the generation of
cracks.

The present research was conducted under the auspices
of the Special Research Fund for Atomic Energy of the
Science and Technology Agency. A part of the results
presented at the 1990 Annual Meeting of the Ceramic
Society of Japan (Lecture No. 2B39).
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Preparation conditions of ZrN fine powders from ZrO,
by the thermite method using Mg under a nitrogen flow
(200cm’/min) have been investigated. Operation condi-
tions for acid washing and the electrophoretic deposition
of ZrN to obtain well defined ZrN powders have also
been studied. The Mg/ZrO, molar ratio was kept con-
stant at 5 but the charge varied from 1 to 7g. No un-
reacted ZrO, was observed in the products. ZrN fine
powders of single phase have been synthesized at 600° ~
800°C in a relatively short time. On the other hand,
about 0.5 ~ 0.8wt% of Mg remained at the ZrN particles
after acid washing with 1 ~ 2M HNO;. The amount of
Mg was not affected by synthetic temperature. It was
found that the electrophoretic deposition method is a
convenient and effective means for the recovery of ZrN
fine powders from the products suspended in ethanol
after acid washing.
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1. Introduction

The thermite process is known to release, in general,
large quantities of heat generated by the reactions between
a metal oxide and an active metal mixture when heated,
because of the rapid propagation of the combustion (redox)
reactions.” This process produces powdered products effi-
ciently in a short time with only small quantities of external
heat, in which the active metal works as the reducing agent.
The normal reducing metals are Mg, Al and Zn, Mg being
superior to the others for various reasons; (1) it is more
reducing thermodynamically, (2) by-product oxides derived
from the reducing metal can be easily removed by elution
with an acid, and (3) it has a relatively low melting point
(649°C) which allows it to be molten and mixed with metal
oxides well at a relatively low temperature. These charac-
teristics make Mg a desired active metal for the thermite
process.

Meerson et al. first discussed synthesis of ZrN powder
from ZrO, by the Mg-aided thermite process, but the par-
ticles prepared at 1100°C for 2h were fairly coarse at Sum
on the average.”  The authors have investigated the syn-
thesis conditions for the production of ZrN powder using
Zr0O, as the starting material and Mg as the reducing metal,”
% to find that the fine ZtN particles (30 to 100nm) can be

prepared at a lower temperature (600°C) in a shorter time
(1h).” The fine particles are more sinterable than the com-
mercial powder.”

In this study, an attempt was made to investigate the
effects of increased charge of the starting material on the
synthesis conditions of fine ZrN particles and their charac-
teristics, in considering that the thermite process is ac-
celerated by the propagating heat of reaction. Increased
charge of starting material was accompanied with the in-
creased quantities of Mg-derived by-products (such as MgO
and Mg;N,). Furthermore, the combination of acid washing
and electrophoretic deposition was investigated as the
solid-liquid separation process to recover the fine ZrN par-
ticles efficiently by removing these by-products.

2. Experimental Procedure

2.1. Synthesis of Fine ZrN Particles

The starting materials were commercial ZrO, powder
(Tosoh, TZ-0, purity: 99.9%, average particle size: 0.1pm)
and Mg powder (Kojundo Kagaku Kenkyusho, particle size:
—150 meshes). They were well mixed by an agate mortar,
and 0.2 to 7g of the mixture (Mg/ZrO,=2 to 5) was placed
in a graphite boat and put in a quartz reactor tube, which
was then sufficiently purged with nitrogen gas. It was then
admitted in a horizontal electrical furnace kept at a given
temperature (600° to 1000°C), held for a given time (15 to
360min) under a nitrogen flow (200cm’/min), and then
quenched. Temperature was measured and controlled
using the chromel-alumel thermocouple and PID type
temperature controller. The powdered product was treated
with 2M HNO; (acid washing) to remove the by-products,
and washed with water and then dried, to prepare the fine
ZiN particles. The X-ray diffraction analysis was made to
determine quantities of the crystalline phases produced by
their relative intensities, with NaCl as the internal standard.
The lattice constants and crystal sizes of ZrN were deter-
mined by the diffraction lines of the (200), (220), (311),
(222), (400), (331), (420) and (422) planes. A transmission
electron microscope (TEM) was used to observe the mor-
phologies and grain sizes of the ZrN particles. The samples
were measured by the differential thermal and ther-
mogravimetric analysis (TG-DTA). Nitrogen and remain-
ing Mg were determined by Kjeldahl and atomic
absorptiometric analyses, respectively.

2.2. Electrophoretic Deposition for Recovering Fine ZrN
Particles
A given quantity (0.25 to 2g) of the synthesized ZrN
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particles, treated with 1 to 2M HNO;, was dispersed in
100cm® of special reagent-grade ethanol to prepare a
suspended solution. A trace quantity of HNO; as the
electrolyte was added to the suspension, to measure its con-
ductivity and &—potential at 25°C. The electrodes were spe-
cially configured in the cell, to prevent nonuniform
deposition by direction of electrophoresis; cylindrical
platinum plates as the anode were fixed to the cell wall and
a Ti wire as the cathode was arranged at the cell center
concentrically. The ZrN particles were deposited
electrophoretically on the Ti cathode in the cell. Each Ti
wire (purity: 99%, diameter: 3mm, length: 50mm) work-
ing as the cathode was coated with a thermo-contractive
Teflon tube in such a way as to leave a 30mm length un-
coated. It was etched with a 4% HF solution and hot H,SO,
water solution (1+1), in this order, to make its surfaces
rougher. The electrophoretic-deposition recovery was ef-
fected under the conditions of 20V DC voltage at room
temperature, and 15 to 300sec deposition time. Quantity of
ZrN deposited was measured by weighing after the
deposited sample was dried.

3. Results and Discussion

3.1. Thermogravimetric Changes of Starting Materials
The starting mixture molar ratio of (Mg/ZrO,=2 to 5) was
analyzed by TG-DTA analysis under a nitrogen flow (200cm
3/min). There was only one, sharp exothermic peak at 593°
to 600°C, associated with a sharp increase in weight, found
in a temperature range from room temperature to 1000°C,
irrespective of the molar Mg/ZrO; ratio tested. One typical
example of the results is shown in Fig.l. These results
indicated that the reduction and nitridation reactions of
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Fig. 1. TG-DA curves of ZrO,-Mg mixed powder (Mg/ZrO;

molar ratio=5) in Na.
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Fig. 2. TG-DTA curves of ZrO;-Mg mixed powder (Mg/ZrO;
molar ratio=5) in air.
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ZrO, by Mg and nitrogen progressed rapidly in a short time,
and ZrN was possibly synthesized at around 600°C. Fur-
thermore, the unsymmetric nature of the exothermic peak
suggested that the reaction proceeded in two or more stages,
and that reduction of ZrO, slightly preceded in the reduc-
tion-nitridation process represented by ZrO, — ZrN. The
following two reactions are considered to represent the over-
all process:

ZrO, +2Mg — Zr+2MgO . . .. ... .. (1)
Zr 4+ 12Ns =5 ZIN v v wimsise s 5 5 4 5 3 2)

No consideration was given to the reactions involving the
Zr-Mg alloy in the ZrO, — ZiN process, because Zr is
dissolved in molten Mg to 0.6wt% at most in a temperature
range from 650° to 800°C,* and Mg is dissolved only spar-
ingly in Zr.%

The reduction of ZrO, with Mg (eq.(1)) was investigated
under an Ar gas flow (100cm3/min) for the case of Mg/ZrO,
molar ratio=5. The TG-DTA curves are given in Fig.2.
Another atmosphere of an argon or helium (95vol%) and
hydrogen (5vol%) mixture flowing at 100cm’/min gave the
similar TG-DTA results.

These results indicate that a very reactive reducing agent
is formed by Reaction (1) and that it is difficult to maintain
a stable atmosphere reducing system. Only TG-DTA results
with the argon atmosphere are presented in this article.

The exothermic peak on the DTA curve is generally
broader than that under a nitrogen flow, and quantity of the
heat generated was one-tenth or less of that shown in Fig.1.
A sharp endothermic peak resulting from melting of Mg was
observed at 656°C. It was Mg left by Reaction (1) com-
pleted with an excessive quantity of Mg. Reaction (1) was
considered to proceed at a temperature lower than the melt-
ing point of Mg under an argon flow, as was the case with
a nitrogen flow. This means that melting of Mg is not
essential for the reduction of ZrO,, although it is necessary
for Mg and ZrO, to contact sufficiently with each other, and
Mg should be used excessively at lower than its melting
point.

A by-reaction, represented by Equation (3) below, will
be observed, in addition to eq.(1) and (2), when an excessive
quantity of Mg is used under a nitrogen flow.

Mg +N, > MgNy © oo 3)

Figure 3 presents the TG-DTA curves of Mg treated
under a nitrogen flow (200cm’/min). The sharp exothermic
peak resulting from nitridation of Mg (eq.(3)) is observed
at 657°C, 50 to 60°C higher than temperature at which an
exothermic peak occurs in the ZrO,-Mg-N, system (Fig.1).
Unsymmetric nature of the exothermic peak, however, is
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Fig. 3. TG-DTA curves of Mg powder in N.
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similar, indicating that the reduction of Mg is accelerated
with molten Mg. Dubovik et al. also observe that Mg is
nitrided rapidly at above its melting point.” The TG curve
shows a weight loss at above 1100°C, attributable to decom-
position of Mg;N,. In summary, the Mg-aided thermite
process to produce ZrN powder is controlled by Reaction
(1) under a nitrogen flow, and Reactions (2) and (3) occur-
ring subsequent to Reaction (1) proceed rapidly in the
presence of molten Mg, which accelerates the overall reac-
tion process rapidly by accelerating Equation (1). Use of
an excessive quantity of Mg to increase contact points be-
tween Mg and ZrO, and thereby accelerate Equations (1)
and (2), starting at below the melting point of Mg, will
invariably increase production of Mg;N, (Equation (3)), in-
creasing Mg consumption.

3.2. Effects of Increased Feed Charge on Production of
ZrN

Figure 4 shows the effects of the feed charge on relative
X-ray diffraction intensity of the product, where the mixed
feed (molar ratio of Mg/ZrO,=5) was treated at 600°C for
60min. Under these conditions, MgO and Mg;N, were
formed, in addition to ZrN. Relative intensity of ZrN in-
creased sharply with the feed charge rate up to 2g. Those
of MgO and Mg;N,, on the other hand, increased as that of
Zr0, decreased, each attaining a constant level at above 1g,
accompanied by disappearance of the peaks of ZrO,. At a
feed charge of 2g or more, the product powder consisted of
ZiN, MgO and Mg;N,, acid treatment of which gave the
single-phase microparticles of ZrN. It has been thus
demonstrated that, in the Mg-aided thermite process to
produce the single-phase ZrN microparticles, increasing
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feed charge rate brings favorable effects, because of the
increased heat of reaction in the system.

Next, the effects of temperature on average crystallite
size were investigated under the ZrN producing conditions,
where heating time was set at 60min, because no heating
time effect was observed in a range from 15 to 360min.
Figure 5 shows the effects of heating temperature on
average crystallite size for two levels of feed charge 1g” and
5g, where the feed mixture (molar ratio of Mg/ZrO,=5) was
treated at 600° to 1000°C for 60min. In the case of higher
feed charge, average ZrN crystallite size was constant at
around 18nm in a temperature range from 600° to 800°C,
and then increased as temperature increased from 800°C. In
the case of lower feed charge,“' on the other hand, it was
constant at around 17nm in a temperature range from 600°
to 1000°C, and increased thereafter as temperature in-
creased, as was the case with higher feed charge rate. These
results indicated that the increased heat of reaction as a
result of the increased feed charge caused system tempera-
ture to exceed set temperature of the furnace by roughly
200°C, as shown in Fig.5.

Figure 6 presents the TEM photographs of the fine ZrN
particles prepared at 800° and 1000°C for 15min. The par-
ticles, agglomerated to a notable extent, were close to
spheres, and the primary particles, whose sizes cor-
responded to those of the crystallites, were grown sig-
nificantly at 1000°C. The desired temperature level for the
production of the single-phase ZrN microparticles therefore
will be in a range from 600° to 800°C.

The lattice constants of the single-phase ZrN micropar-
ticles prepared at 600° to 1000°C were measured. They
were almost constant at a=0.4575 +0.0001nm, which is in
agreement with the literature values of a=0.4570 to
0.4578nm.*"”" It is known that zirconium nitride has a fairly
wide range of dissolution of nitrogen atom, and an attempt
was made to determine nitrogen content in zirconium nitride
using the relationship between lattice constant of zirconium
nitride and N/Zr ratio."” Nitrogen content thus determined
was 102% at a ZrN lattice constant of a=0.4570nm, and 83%
at a=0.4578nm. The predicted nitrogen content, therefore,
is 86 to 90% for the samples prepared in this study having
a lattice constant of a=0.4574 to 0.4576nm.

Nitrogen content of the single-phase ZrN microparticles
determined by the Kjeldahl method was 11.6 to 12.1wt%,
or 87 to 91% that of the stoichiometric ZrN composition
(13.3wt%). These are in good agreement with the results
by the lattice constants. Thus, it can be concluded that the
ZrN microparticles prepared in this study are fairly close to
stoichiometric ZrN in chemical composition.

3.3. Acid Washing of Refining ZrN Microparticles
The Mg-aided thermite process will produce MgO and

e
Qlum

Olpm

Fig. 6. TEM micrographs of ZrN powders. (a): 800°C, 15min,
(b): 1000°C, 15min
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Mg;N, as by-products derived from Mg and they must be
removed from the target product. The ZrN product can be
refined by acid treatment, in which difference in solubilities
of these components in the acid is utilized. In this study,
the effects of acid concentration on refining performance
were investigated.

Figure 7 presents the XRD patterns of the powders
treated with 1 to SM HNO;. No diffraction peak of MgO
or Mg;N, was detected by any acid treatment used in this
study, indicating that these by-products were eluted out. It
should be noted, however, that part of ZrN was oxidized
into ZrO,, when 3M or more concentrated HNO; was used.
The single-phase ZrN microparticles, therefore, will be
produced by the acid treatment with 1 to 2M HNOs. Elution
of Mg from the ZiN product treated with 1 or 2M HNO;
increased with treatment time, but attained a constant level
in 1h.

Next, 2g of the ZrN powder product was treated with 1M
HNO; in multi-stage for 1h for each cycle. Figure 8 shows
the effects of acid washing cycle on eluted Mg quantity. Mg
was removed by the different mechanisms as cycle number
increased; by the conventional water-replacement washing
up to third cycle, and by water-diffusion washing thereafter.
In other words, MgO and Mg;N, present in the product
powder were mostly removed by the third cycle, but small
quantities of the residual Mg compounds were difficult to
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Fig. 7. X-ray powder diffraction patterns for ZrN powders after
washing with various concentrations of HNOs.
a: IM,b: 2M, c¢: 3M,d: 5M
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Fig. 8. Relationship between proportion of extracted Mg”* and
number of acid washing.
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remove by the cyclic acid treatment. Concentration of the
Mg residue was roughly 0.8wt% at the third cycle and
0.5wt% at the 8th cycle. There was little possibility that Mg
or MgO was dissolved in, or bonded to, the ZrN particles,
because the residual concentration was almost irrespective
of temperature at which the feed mixture was heated.

3.4. Recovery of ZrN Microparticles by Electrophoretic
Deposition

As discussed earlier in Section 3.3, MgO and Mg;N,
present in the ZrN powder could be removed by acid wash-
ing process. However, it was found that the ZrN particles
were too fine at 30 to 100nm to be recovered sufficiently
by the centrifugal solid-liquid separation, subsequent to
water washing to remove the residual acid over the particles.
Furthermore, increasing acid treatment and water washing
cycles reduced the recovery rate of ZtN. An attempt was
made, therefore, to apply electrophoretic deposition to the
recovery of the ZrN particles.

Electrophoresis normally uses an electrolyte added to a
suspension to charge the particles with electricity.”" In
this study, HNO,; was used as the electrolyte and ethanol as
the disperse medium to recover the single-phase ZrN
microparticles.

Figure 9 shows the conductivity of two types of ethanol
solution, one added with varying concentration of HNO; and
the other the HNOs-containing one to which acid-treated
ZrN microparticles were added. Conductivity of the former
solution increased linearly as HNO; concentration in-
creased, whereas that of the latter suspension solution was
higher than that of the former at a HNO; concentration of
5x10™mol/dm’ EtOH or lower. These results suggested that
the H' ions of roughly 10°M remained on the acid-treated
Z1N particles. The E-potential of these particles present in
the ethanol solution was positive. The ZrN particles syn-
thesized were sufficiently conductive  (resistivity:
13.6uQcm) to be electrically deposited at a voltage of
several tens of volts,'® and a relatively low voltage of 20V
was used for the electrophoretic deposition process to
recover the ZrN particles in order to prevent codeposition
of traces of Mg** ions remaining in the suspension.

Figure 10 shows the effects of ZrN particle concentration
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Fig. 9. Effect of H' concentration on specific conductivity of
electrophoretic bath.
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in the disperse medium on electrically deposited quantity of
ZiN for the acid washing process with 1 and 2M HNO,.
Deposited ZrN quantity increased linearly as ZrN concentra-
tion in the solvent increased, and tended to attain a constant
level eventually for each acid concentration. Deposited
quantity of the ZrN particles was smaller for the sample
acid-washed with 2M HNO; than with 1M HNO;, con-
ceivably resulting from agglomeration of the particles in the
suspension. It was also observed that conductivity of the
suspension increased with ZrN particle concentration
linearly, indicating that H" ions were remaining on the as-
treated ZrN particles.

Figure 11 shows the effects of deposition time on
deposited quantity of the ZrN particles which were treated
with 1M HNO; and were present in the ethanol solution at
a concentration of 20mg/cm.” The deposited quantity in-
creased with time linearly during the initial stage, but later
attained a constant level. Thus, it has been demonstrated
that the ZrN particles can be recovered sufficiently in a short
time even at a low voltage of 20V by the electrophoretic
deposition process, without using an electrolyte additive,
because the particle surfaces are always charged positive
with the H" ions adsorbed on, or attached to, them during
the acid washing process. It is therefore considered that
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electrophoretic deposition is a useful solid-liquid separation
process for the acid-treated products of the Mg-aided ther-
mite process.

4. Conclusions

The Mg-reduced thermite process was used to prepare
ZrN microparticles from the ZrO,-Mg-N, feedstock, and the
product was refined by a combination of acid treatment and
electrophoretic/deposition to prepare the single-phase ZrN
microparticles.

1) The single-phase ZrN microparticles were produced at a
relatively low temperature (600° to 800°C) and in a short
time from the starting material of molar ratio of
Mg/ZrO,=5; no unreacted ZrO, was found to remain,
even with increased feed charge.

2) Mg remained in the single-phase ZrN microparticle
product to 0.5 to 0.8wt%, even after repeated acid treat-
ment cycles. The residual Mg content was irrespective
of temperature at which the feed mixture was treated.

3) Electrophoretic deposition was found to be a useful
means for the recovery of the ZrN microparticles from
the ethanol suspension in which the acid-treated ZrN
particles were dispersed.
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The mechanism of curing polycarbosilane (PCS) fiber
has been investigated. Polycarbosilane has been melt-
spun to fibers in the diameter range of 21-113um. The
rate of curing of PCS fiber was measured with a ther-
mo-balance in Ar-O, gas mixtures with 5-100kPa O, at
temperatures from 413K to 463K.

The rate of curing increased with increasing curing
temperature and Po, and with decreasing fiber diameter.
The fiber melted to agglomerate in a mass, depending on
the curing temperature, Po, in Ar-O, gas mixtures and
the size of fibers. A cured layer, through which oxygen
molecules can advance and reach the reaction interface,
was formed around the fiber. The reaction interface
receded towards the center of the fiber as the curing
progressed.

In the early stage of curing, the kinetics followed the
contracting-disc formula: 1-(1-X)"”’=kT. The apparent
activation energy was 87.7kJ/mol. The rate constant k
was proportional to Po, and was inversely proportional
to the diameter of the fiber. It is considered that the
curing of PCS fiber is controlled by the interfacial reac-
tion. In the late stage of the reaction, curing is controlled
by the diffusion of oxygen through the reaction layer.
[Received December 25, 1990; Accepted February 20,
1991]

Key-words: Polycarbosilane fiber, Oxidation treatment,
Curing Kinetics, Thermogravimetry, Reaction mechanism,
Rate-determining step

1. Introduction

One of the greatest disadvantages of silicon carbide
fibers is their rapid reduction in mechanical strength at high
temperature (1573K or more) due to pyrolysis."” The
pyrolysis-related problems must be solved before these
materials can be extensively used industrially, whether they
are used alone or in combination as a reinforcement for the
composite ceramics of recent interest. The authors have
been investigating the reaction mechanisms involved in the
pyrolysis of various types of silicon carbide fibers,”® and
clarified that the pyrolysis is characterized by crystallization
of the amorphous fibers into B-SiC, which is accompanied
by release of SiO and CO gases. It is also found that
pyrolysis rate is largely determined by the quantity of
oxygen present in the fibers.®

The production process of the commercial silicon carbide
fibers consists of (1) melt spinning of the organic silicon

polymer, (2) thermo-oxidation/curing and (3) firing.

Step (2) is an important process in which the melt-span
fibers are heated and converted into inorganics without
fusing, thus silicon carbide fibers are obtained. The curing
process is represented by cross-linking reactions in the
presence of oxygen, and the cured fibers are invariably con-
taminated with oxygen.” It is essential to control oxygen
content in the cured fibers to a proper level, in order to
efficiently control pyrolysis of the final silicon carbide
fibers. Rate of, and the reaction mechanisms involved in,
the oxidation/curing process therefore must be clearly un-
derstood.

Many researchers have been discussing the reactions in-
volved in the curing process and characterization of the
cured fibers. However, few have attempted to analyze the
kinetics of the process, though Ichikawa et al. have inves-
tigated oxidation of the polycarbosilane powder.”” In this
study, the authors have measured the rate of isothermal
oxidation/curing of the melt-spun polycarbosilane with a
thermobalance. The effect of curing temperature, partial
pressure of oxygen in the atmosphere, and diameter of the
fibers were investigated in detail, and mechanisms and con-
trolling stage of the reaction were elucidated.

2. Experimental Procedure

For the production of the polycarbosilane fibers (PCS
fibers), polycarbosilane (Shin-Etsu Chemical) was melt-
spun at 573 to 603K in an Ar gas atmosphere. The spinning
rate was varied to control the fiber diameter at 21 to 113um.

Two types of experiments were conducted to investigate
the oxidation/curing mechanisms of the PCS fibers.

2.1. Measurement of Oxidation Rate of PCS Fibers
Under Isothermal Conditions

A carbon crucible containing 1g of the PCS fibers was
suspended in the constant-temperature section (kept at a
given temperature) of a Kanthal oven, after having been
connected to an automatic balance (measurable limit: 100g,
sensitivity: 0.1mg), to continuously monitor the mass gain
of the fiber sample as a result of oxidation/curing. The
atmosphere gas was a mixture of Ar and O,, kept at a total
pressure of 100kPa, where oxygen partial pressure po, was
varied in a range from 5 to 100kPa. The mixed gas flowed
at 1.67x10°m/s from the oven bottom. A number of pores
were provided in bottom and side wall of the crucible to
allow the mixed gas to pass through the crucible sufficiently.
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Fig. 1. Mass gain with curing of PCS fibers (d/um=113) heated isothermally at various temperatures in 80%Ar-20%0- gas mixture.

Fig. 2. Effect of po. in Ar-O; gas mixture on mass gain with curing of PCS fiber (d/um=113) heated isothermally at 423K.

Fig. 3. Effect of po. in Ar-O; gas mixture on mass gain with curing of PCS fiber (d/um=65) heated isothermally at 423K.

No weight change was observed in the crucible in the
temperature studied.

2.2. Measurement of Oxidized Quantity of PCS Fibers
by Continuous Heating

PCS fibers of 113um in diameter were heated at 40K/hr
in a pure oxygen atmosphere for the oxidation/curing treat-
ment. They were held for 1.8ks at a curing temperature of
423 to 483K, and then allowed to cool. The oxidized quan-
tity of the fibers was determined by measuring the weight
change before and after the treatment.

Growth of the oxidized layers over each fiber was ob-
served for the two types of the PCS fibers cured at different
temperature levels, 443 and 483K.

First, the fiber sample was fired by heating it to 1473K
in an Ar gas atmosphere. Later, it was pyrolyzed at 1973K
in an Ar gas atmosphere, and the fracture faces were
analyzed by a scanning electron microscope. It was a
method using the fact that growth behavior of B-SiC crys-
tallites accompanied to pyrolysis depends on the concentra-
tion of oxygen in the fibers.

3. Results

3.1. Effects of Temperature

Figure 1 shows the effects of oxidation/curing tempera-
ture in a range from 413 to 463K on mass gain of the PCS
fibers, where AW is the mass gain determined by a ther-
mobalance, and W, is the original mass of the fiber sample.
The fibers used in the tests had a diameter of 113um. The
atmosphere was of a mixture of oxygen (po,=20kPa) and
argon (p,=80kPa). The mass gain of the sample resulted
from introduction of oxygen into the sample during the
curing treatment. Curing rate of the fiber sample would be
assessed by mass gain rate. No effect of curing temperature
on curing rate was found at the initial stage of reaction, until
the sample was heated to a certain level at which the thermal
oxidation process proceeded steadily. Curing rate increased
naturally with curing temperature. It was frequently noted
that curing rate increased sharply at 463K at a curing time
greater than 2ks, on account of the accelerated oxidation
caused by temperature runaway, discussed later. Finally, the
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Fig. 4. Mass gain with curing of PCS fiber (d/um=113) heated
continuously at 40K/h and held at various curing temperatures for
1.8ks in a pure oxygen atmosphere.

PCS fibers were molten to stick to each other. It was dif-
ficult to measure curing rate at 463K or more, because of
melting and combustion of the fibers.

3.2. Effects of Oxygen Partial Pressure and Fiber
Diameter

The PCS fiber sample was treated at 423K under an
oxygen partial pressure in a range from 5 to 100kPa, to
observe curing behavior of the fibers. Figures 2 and 3 show
the results for fibers having an diameter d of 113um and
65um, respectively. In each case, the curing process was
accelerated as oxygen partial pressure increased. Melting
and combustion of the fibers prevented measurement of
curing rate at po>20kPa with the finer fiber sample. A
sharp mass gain was noted at po, = 30kPa and around lks
(Fig.3), due to the temperature runaway caused by accumu-
lated heat in the sample during the curing process, as dis-
cussed later.

Comparing the results shown in Fig.2 with those in Fig.3,
it was obvious that the finer sample was cured faster at the
same oxygen partial pressure.

3.3. Thermal Oxidation of PCS Fibers by Continuous
Heating
Curing rate of the PCS fibers by isothermal heating has
been discussed so far. However, these fibers are commer-
cially cured by continuous heating from room temperature
to curing temperature. Therefore, an attempt was made to
find the relationship between mass gain of the fibers and
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curing temperature by the procedure described in Section
2.2. The results are shown in Fig.4. It has been found that
mass gain of the fibers 100AW/W, almost corresponds to
increase in oxygen content (mass % O) of the fibers.'”
Mass gain rate increased slowly as curing temperature in-
creased up to 463K, but sharply (around 3 times) from 463
to 473K, presumably resulting from curing temperature
runaway. Unlike the isothermal heating case, however,
these fibers were not fused to stick to each other.

3.4. Observation of Oxidized Layers over PCS Fibers

As shown in Fig.4, mass gain (corresponding to increased
oxygen content) of the fibers cured at 443K was 4.5%,
which was much lower than that of the fibers cured at 483K
(28.9%). These fibers were fired at 1473K and then further
heated to 1973K. The amorphous silicon carbide fibers con-
taining oxygen are pyrolyzed at high temperature, and this
process is characterized by the crystallization accompanied
by the release of SiO and CO gases.”®

SiC,.,Oy (amorphous) —
B-SiC + SiO (g) + CO (g)

The fiber containing a larger quantity of oxygen was
pyrolyzed faster, and the SiC grains were grown faster.” On
the other hand, the oxygen-free PCS fiber turned into B-SiC
and carbon when treated at high temperature:'

SiC,, (amorphous) — B-SiC + C (amorphous)

The SiC grains in the oxygen-free fibers were grown dif-
ferently from those in the oxygen-containing fibers during
the firing process, because of the different reactions they
underwent. It is therefore possible to grasp the extent of

Fig. 5. SEM photographs of PCS fibers decomposed at 1973K after
curing at 443K and 483K in an oxygen atmosphere and heating at

1473K in an argon atmosphere.

curing temperature=443K, 100AW/W=4.5: (A) surface, (B) cross
section and (C) center of fiber

curing temperature=483K, 100AW/W=28.9: (D) surface, (E) cross
section and (F)center of fiber.
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Fig. 6. Schematic representation of curing of PCS fiber.

oxygen penetration into the fibers by observing the growth
behavior of the grains on the fiber cross-sections.

Figure 5 presents the SEM photographs of the fiber
cross-sections. The grains were grown and coarsened only
on the fiber surface (A) and on the thin layer (B) in the
vicinity of the surface in the fiber cured at 443K. The grains
were small at the fiber center (C) and scarcely coalesced
into larger ones. This probably resulted from the reactions
represented by equation (1) in the layers near the surfaces,
and by equation (2) inside. In the fibers containing a high
proportion of oxygen cured at 483K, the grains were grew
significantly during the pyrolysis process throughout the
cross-section (D, E and F). This suggested that reaction (1)
proceeded both on the surfaces and inside. It is worthy of
attention, though not understood why, that the grains on the
fiber surfaces are smaller than those on the surfaces cured
at 443K. These fibers were crushed for the X-ray diffrac-
tion analysis. B-SiC of the sample cured at 483K had shar-
per X-ray diffraction patterns, which was in agreement with
the SEM analysis results. It is therefore considered that the
curing process proceeded while the reaction interfaces were
similar to the outer peripheries of the fiber cross-sections.

4. Discussion

4.1. Kinetic Analysis
Figure 6 illustrates the oxidation/curing model of the
PCS fiber, based on SEM analysis of the pyrolyzed fiber
cross-sections. In other words, the curing process is con-
sidered to consist of the following three steps:
@ transport of oxygen towards the surfaces through the gas
film around the fiber,
@ transport of oxygen towards the unreacted core through
the surfaces and the reacted layers, and
® chemical reactions at the reaction interfaces.
The curing process was discussed for the cases of the dif-
ferent rate-determining steps, considering the cylindrical
fiber model shown in Fig.6.
1) Diffusion of oxygen through the gas film as the rate-
determining step:
Curing rate of the fiber n/mol-s” will be given by eq.(3).

n= 2nrolky(po,— po,)/RT . . . ... ..... 3)

where,

ro and / : radius and length of the PCS fiber
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kg : mass transfer coefficient
Po, and po; : oxygen partial pressures in the bulk gas

and on the fiber surface
R : gas constant
Combining eq.(3) with eq.(4) will give eqs.(5) and (6), con-
sidering that po' is negligibly small as compared with po,:

n= d{(nry 2 — m2l) do/dt

==2mrildo(dry/dty. . . ... (@)
X=kt oo ©)
K= 2kpo/RTredo . . . .. ... ... ... (6)

where, r; is radius of the unreacted core, d, is oxygen content
(mol/m®) of the oxidation-cured fiber, and X is conversion,
defined by eq.(7):

X=1= (/)" ssnsssssssvssns (@)

Equation(5) and (6) suggest that the curing process is ac-
celerated as p,, increases and r, decreases, which almost
corresponds to the experimental results shown in Figs.1 and
3. It should be noted, however, that the linear relationship
of eq.(5) is contradictory to the observed results where the
relationship between pyrolysis-induced mass gain and time
is represented by a curve. The linear relationship of eq.(5)
was used to determine reaction rate during the intial stage
only. The reaction rate was assessed by d(AW/Wy)dr. Fig-
ure 7 presents the Arrhenius plot of the d(AW/W,)/dt values,
which gave an apparent activation energy of 94.2KJ/mol.
The results by Ichikawa et al. for powdered polycar-
bosilane'? are also shown in the figure, for comparison. It
is interesting to note that the activation energy values are
essentially the same as their value of 84.5kJ/mol, in spite of
the different conditions under which the experiments were
conducted. This suggested that the two reaction systems
shared the common reaction mechanisms and rate-determin-
ing step.

According to the film theory, mass transfer coefficient k,
is given by eq.(8):

k=D/5

where,

D : (diffusion coefficient of oxygen in gas, and

& : thickness of the gas film
It is generally accepted that diffusion coefficient of a gas is
in proportion to T** or T*%."” This temperature-dependence
relationship, when substituted into eq.(6) or (8), gives an

12

o
o

1og(d100-AWIk)Id)
o 2

[¢)

-04 ElkJ-mol™
O presemt work 94.2
® [chikawa et al 855
08 " ; s
21 22 23 2 25

0%

Fig. 7. Temperature dependence of initial rate of curing,
d(AW/IWo)/dt.
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activation energy of 1.8 to 2.9KJ/mol in a temperature range
between 413 and 463K. The above value is much lower
than 94.2KJ/mol, from which it is judged that step @ is not
the rate-determining step.
2) Diffusion through Reacted Layer as Rate-Determining
Step
Diffusion of a mass from the surface of a cylindrical
sample (such as the PCS fiber) towards the inside will be

represented by eq.(9), when it is the rate-determining step:'®

(I-XIn(1-X)+X=kt .. ... ... ... .. 9

where, &’ is rate constant.
Conversion X can be found from mass gain AW of the
PCS fiber sample by Equation (10):

X=AW/AW' . .. (10)

where AW' is the mass gain when the curing process is
completed (when mass gain is no longer measuable).

The fiber sample was cured for a long time at 423K and
Po2=20kPa, to find the AW value. Figure 8 plots AW/W,
against time. It also plots conversion X against time where
X was determined from the AW/W-time relationship and
€q.(9). A linear relationship was not noted during the initial
stage of the oxidation/curing process (¢<6ks, X<0.55), from
which it is judged that step @ is not the rate-determing step.
However, a linear relationship was noted during the later
stage of the process (0.55<X<0.70), due to increased thick-
ness of the reacted layer that prevents diffusion of oxygen.
3) Reaction at Interface as Rate-Determining Step

Rate of the reaction n/mol-s” at the interface will be
represented by eq.(11), on the assumptions that it is of first
order and the reverse reaction is negligible:

n= 2nrlkpo/RT

where, k, is rate constant.
The following equations are derived from equations (4), (7)
and (11):

-(-X0"M=k"t o (12)
K* = kpo/radRT o ¢« vww s mmmmsm s (13)

Applicability of eq.(12) is shown in Fig.8. The reaction is
represented by a linear relationship during the initial stage,
but the plot is curved downward as the reaction proceeds
(X<0.55). The reaction at this stage is represented by eq.(9)
derived on the assumption that the reaction rate is deter-
mined by diffusion. It is thus considered that the curing of
the PCS fibers is determined by the different mechanisms

1.0 T T —— T T !

12
08}
X
2 10
T 06
E L
= 3
>I( OI.L 6 g
= e
o 14
%02
& }' o 1-(1-x)" 42
~ o (1=X)In(1-X)+ X
L L L . L 0
0 5 10 15 20 25 30 35

t/ks

Fig. 8. Mass gain with curing of PCS fiber (d/um=113), 1»(1-X)”Z
vs time and (1-X)In(1-X)+Xvs time plots in 80%Ar-20%0; gas mix-
ture at 453K.
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during the initial and later stages of the reaction. In other
words, the reaction at the interfaces is the rate-determining
step during the initial stage, where the cured layer is suffi-
ciently thin to allow diffusion of oxygen easily through it,
and the reaction tends to be limited by diffusion during the
later stage, where the cured layer becomes sufficiently thick.
The experimental results are analyzed using eq.(12) for the
case of the reaction at the interfaces as the rate-determining
step.

The AW value, an important parameter to find the X
level, was determined by trial and error to satisfy eq.(12).
The estimated AW' value at 453K is almost compatible with
the results shown in Fig.8. This type of analysis produced
the reasonable results discussed below.

Equation (12) was applied to the results shown in Fig.1,
and the results are presented in Figure 9. The data for each
temperature level are well represented by a linear relation-
ship, except for those obtained during the initial stage of the
reaction process, which gives rate constant k” from its slope.
Equation (13) is rearranged into equation (14):

k= k°T= kpo/rodoR . ... ........ (14)

Temperature-dependence of the reaction process was as-
sessed using the k value. Figure 10 shows the Arrhenius
type plot for the k-value, and the linear relationship gave an
apparent activation energy of 87.7KJ/mol. This level is
within the reasonable range as the activation energy for the
reactions in which organic compounds are involved."”
Figure 11 shows the effects of partial pressure p,, of
oxygen present in the atmosphere gas on rate constant k™.
There is a linear relationship in a £’<0.06 range for each

Fig. 9. Application of rate equation (12) to data
shown in Fig.1.

-30 T T

-3.5

log k
IS
o

21 22 2.3 24 25
710K

Fig. 10. Arrhenius plots of rate constant k.
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fiber diameter:
k/ks™ = 27.7% po/MPaford= 113um .(15)
k”/ks™ = 15.6 x pVo2/MPa ford= 113um (16)

which are the results of the analysis by the least-square
method.

These correlations correspond well to the relationship of
€q.(13). Increasing p,,, however, would not increase the k”
value beyond 0.06, because of accelerated oxidation of the
fibers to cause temperature runaway, and eventually fusion
and combustion of the fibers. Especially, the fine fibers
(d=65um) were burned at p,,=20kPa or more so that their
oxidation rate could not be measured. It is apparent from
eqgs.(15) and (16) that the finer fibers had a larger £’ value
at the same oxygen partial pressure. This also corresponds
well to the relationship of eq.(13).

4.2. Fusion and Combustion of PCS Fibers

As discussed earlier, the PCS fibers will be fused or even
combusted, depending on conditions of thermo-
oxidatun/curing e.g., high curing temperature, high oxygen
partial pressure and fine fibers. The fine fibers (d=20um)
were completely combusted at 453K and p,,250kPa. In
addition, the fibers of 65um were mostly fused into blocks
at 423K and p,,=20kPa. On the other hand, no fusion was
observed in the thicker fibers (¢=100um) cured at 463K and
p0o,=20kPa, or at 423K and p,,=100kPa. Fusion and com-
bustion of the PCS fibers during the thermo-oxida-
tion/curing step are very important problems. As discussed
above, there is a restriction in temperature, oxygen partial
pressure and fiber size, for the curing process. In this study,
the fiber sample was thrown directly into the curing oven
kept at a given temperature. In a commercial plant, where
the fibers are heated slowly and continuously, the conditions
resulting in fusion and combustion of the fibers will be
substantially relaxed.

The PCS fibers were found to fuse and combust at a
temperature below their melting point of 506K, conceivably
because of the combustion of the volatile matter released
from the fibers, which increased temperature beyond their
melting point.

The curing reactions of the PCS fibers will start to
proceed at around 373K.” In other words, the Si-O-Si
bonds are formed within the fibers by the following cross-
linking reactions:

=SiH + HSi= + O, — =Si-0-Si= + H,0 . . .(17)
=SiOH + HOSi = —» =Si-0-Si=+ H,0 . . .(18)

010 : :

008}

o
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Fig. 11. Relation between rate constant " and po.
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These reactions are exothermic.13) Furthermore, hydrogen
may be formed during the curing process,'” and temperature
will be further increased if it is oxidized. Temperature will
be sufficiently high, if heat is not removed adequately, to
fuse the fibers.

In an extreme case, the fibers were completely burned
out because of the temperature runaway caused by the com-
bustion of the volatile matter. CH, may be formed when
fiber temperature exceeds 823K, and the combustion of CH,
and H,, if it occurs, will further increase their temperature
to eventually combust the solid components. Increasing
quantity of the PCS fibers in the crucible tended to prevent
heat release, accelerating temperature runaway.

5. Conclusions

The laboratory-prepared PCS fibers were cured under an
oxidative atmosphere to measure curing rate by a ther-
mobalance and to observe penetration of oxygen into the
fibers. The effects of curing temperature, oxygen partial
pressure and fiber size on curing rate were investigated to
understand the reaction mechanisms involved.

1) Increasing temperature accelerated curing, but fusion of
the fibers was observed at 463K or higher.

2) Increasing oxygen partial pressure (p,,) accelerated
curing, and fusion of the fibers was observed at above a
critical p,;, level, which decreased as fiber size decreased.

3) Decreasing fiber size accelerated curing, eventually caus-
ing fusion and combustion of the fibers.

4) Oxygen penetrated into the fiber concentrically from the
surface towards the center.

5) Curing rate of the PCS fibers was determined by the
two-dimensional, interfacial reactions within curing time
used in this study. An observed apparent activation ener-
gy was 87.7kJ/mol. Rate constant k& of the overall in-
terfacial reaction was in proportion to py, and almost
inversely proportional to fiber size.

6) It is considered that curing of the PCS fiber is governed
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by the rate of interfacial reactions, in which the unreacted
portion of each fiber is oxidized with oxygen diffusion
through the already reacted layers. In the later stage of
the curing process, the cured layer will be sufficiently
thick to make oxygen diffusion the rate-determining step.
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Growth of PZT Crystal by Using PbO-KF-PbCl, Flux
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Single crystal of lead zirconium titanate (PZT) were
grown by slow cooling method from fluxes of PbO-KF-
PbF, and PbO-KF-PbCl, system. (1) Single crystals of
PZT with a size smaller than 1mm were grown from the
flux of PbO-KF-PbF, system. (2) Single crystals of PZT
of a maximum size 1.7x1.7x0.9mm were grown from the
flux of PbO-KF-PbCl, system. The obtained crystals
were reddish brown in color and their composition was
determined to be Pb(Zrs,Tis4s)0; by EDX.
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1. Introduction

A solid solution of lead zirconium titanate (Zr,Ti;)O;
(PZT) is a terroelectric substance possessing a perovskite
structure, and has a boundary phase from tetragonal crystal
to trigonal crystal, particularly at x 0.55. Since this solid
solution displays an excellent piezoelectric characteristic in
the neighborhood of this boundary, it is now widely used
for supersonic oscillators and piezoelectric firing devices.

When PZT single crystals are grown in fusion or by a
fusion method, the vaporization or dissolution fusion?
(bunkai yokai) of their main component PbO can easily
occur during the fusion process. For this reason, growth is
accomplished mainly by flux methods. There have been
reports'™ on the use of two-component fluxes of PbO-PbF,,
KF-PbF,, and the like and a report“ on the use of fluorides
as starting materials, but large and good quality single crys-
tals have not been obtained, indicating that research on the
physical properties of single crystals has not been advanced
much. Moreover, since PbF, evaporates a great deal at high
temperatures, requiring the crucible to be sealed tightly, it
cannot easily be treated as a flux. Under these circumstan-
ces, the present study was an attempt to grow single crystals
by using three-component flux of PbO-KF-PbF and PbO-
KF-PbCl, which has not been reported before.

2. Experimental Procedures

2-1. Preparation of Starting Material and Flux

The starting material was prepared as follows. PbO
(massicot) powder, TiO, (anatase) powder, and ZrO, powder
(all produced by Nakarai Tesk Co., top grade) were mixed
at a molar ratio of 2:1:1 and ground, put in a platinum
crucible, sintered at 900°C for 3h, then ground using an
agate mortar to obtain powder of less than 200 mesh
(74pm). This raw material was identified by X-ray diffrac-

tion to be a PZT-phase.

For the flux, powders of KF, PbO, PbF, and PbCl, were
used. All of the powders were top-class reagents made by
Nakarai Tesk Co.

2-2. Method for PZT Single Crystal Growth

The starting raw material and the flux were weight by
chemical balance so that the relative weight was 0.33 and
the total weight was 12.0g. The materials were mixed, and
0.5g of B,0O; was added to this mixture in order to control
the evaporation of the flux. These were put in a lidded
platinum crucible of 50ml in volume. This crucible was
placed inside a vertical electric furnace having kanthal lines
as a heat source to conduct growth experiments according
to a prescribed schedule of temperatures. After the experi-
ments, the flux was dissolved using warm dilute nitric acid
and filtered to take out crystals grown.

2-3. Method for Examining Grown Crystals

The rate of flux vaporization during the growth process
was calculated based on the difference from the total amount
inside the crucible before the growth began. The crystal
yield? (shuritsu) was computed from the ratio of the crystal
harvest to the total amount of starting raw materials. Since
crystals had to be at least lmm for the measurement of their
physical properties, all the crystals grown were divided into
those bigger and others smaller than Imm. The crystals
were identified by the X-ray powder diffraction method
(XRD) and observed using a scanning electron microscope
(SEM).

3. Results and Discussions

3-1. Growth Using PbO-KF-PbF, Flux

Under the conditions of 1100°C for holding temperature,
10h for holding time, and 20°Ch™ for slow cooling speed,
the growth of crystals was attempted using single fluxes of
PbO, KF and PbF, and also the flux of PbO-KF system, but
no crystals were grown. Consequently, a further attempt
was made using a two-component and a three-component
flux containing PbF,, and crystals were grown using flux
containing more than 50moi% PbF,, as shown in Fig. 1.
Crystals were obtained when the molar ratio of
PbO:KF:PbF, was 1:1:2, 1:10:15 or 1:14:40, with a par-
ticularly good yield (Table 1) at the ratio 1:10:15. All of
these crystals were identified by XRD to be PZT. Figure 2
gives an SEM image of crystals obtained when the molar
ratio of PbO:KF:PbF, was 1:10:15. The crystals yielded
were all very small and included many which were chipped.
This is presumably because most of the flux evaporated
during the crystal growth, as inferred from the fact that the
rate of PbF, vaporization was as much as about 70% as
shown in Table 1.
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Fig. 1. Composition of PbO-KF-PbF: flux and PZT crystal growing region.
Fig. 2. SEM photographs of PZT crystal obtained from PbO-KF-PbF; flux whose molar ratio was 1:10:15.
Fig. 3. Composition of PbO-KF-PbCl: flux and PZT crystal growing region. O and @ show larger and smaller crystal than Imm, respectively.

Table 1. Growth of PZT crystal with PbO-KF-PbF; flux.

No. Flux mol. ratio Yield Sieve analysis (%) Flux loss

Pb0:KF:PbClz (%) 2.0mm~1.0mm 1.0mm pass (wt%)

1 L:2: 1) 48.7 40.1 59.9 43.2
2 2zdsl 55.4 32.3 67.7 42.5
3 2eizal 50.2 27.8 12.2 45.1
4 4:1:5 50.4 45.8 54.2 49.2
5 2wl 63.7 48.3 51.7 47.8
6 1315 55.1 38.6 61.4 49.7

Table 2. Growth of PZT crystal with PbO-KF-PbCl, flux.

No. Flux mol. ratio Yield Sieve analysis(3) Flux loss

PbO:KF:PbF2 [¢3)] 1.0mm pass t%)
1 R R 44.0 100 68.7
2 1:12 :49 50.4 100 2.7
3 1:10 :15 55.5 100 70.5

3-2. Growth Using PbO-KF-PbCl, Flux

Figure 3 shows the relationship between components of
PbO-KF-PbCl, flux and the crystal size obtained. The sym-
bol represents fine crystals of less than Imm in size or
their collective bodies, while indicates single crystals of
more than Imm. The conditions under which the growth is
attempted are the same as those given in paragraph 3-1;
namely, holding temperature of 1100°C, holding time of
10h, and slow cooling speed of 20°C/h. As seen from the
diagram, PZT single crystals could be obtained over a wide
area of the composition. When the molar ratio of
PbO:KF:PbCl, was 1:1:1, 2:1:2, and 4:1:5, the yield and
ryudo? showed best levels (Table 2). In particular, the
molar ratio of 2:1:2 had the best results. Consequently, an
examination was made to create conditions for growth of
single crystals using flux of molar ratio 2:1:2. First, if the
holding temperature was dropped to 1000°C, then crystals
obtained became smaller, and at 900°C no crystals were
obtained. Next, when the slow cooling speed was changed
to 30°C/h, crystals became smaller and the yield also
decreased. Moreover, when the holding time was reduced
to 5h, then crystals often became lumpy. As a result, it was

considered that the conditions established at the outset were -

good for growth of crystals.
When crystals grown by PbO-KF-PbCl, flux were iden-

Fig. 4. SEM photographs of crystal obtained from PbO-KF-PbCl>
flux whose molar ratio was 2:1:2.

tified by XRD, they were all found to be PZT.

Table 2 shows the yield and other results for crystals of
more than lmm in size were obtained. In view of these
results, PbF, was substituted for PbCl, and the resulting flux
evaporated approximately 20% less. In this case, crystals
of 1 to 2mm in size were obtained. Figure 4 shows an SEM
image of one of those crystals obtained using the flux whose
molar ratio was 2:1:2. They were all plane-shaped crystals
measuring 1.7 X 1.7 X 0.9mm and reddish brown. As seen
from this photograph, the crystals had better surface char-
acteristics than those obtained using PbF, flux (Fig. 2).
These crystals were examined semi-quantitatively by EDX
analysis and found to have an atomic ratio of Zr:Ti equal
close to 52:48 displaying excellent piezoelectric charac-
teristics, namely, Pb(Zr, 5,Tiy43)O; single crystals.

4. Conclusion

An investigation was conducted on the growth of PZT
single crystals from three-component fluxes of PbO-KF-
PbF, and PbO-KF-PbCl,. The results are summarized as
follows:

1) Single crystals of PZT grown from the flux of PbO-KF-

PbCl, were less than Imm.

2) Three-component flux of PbO-KF-PbCl, system was ef-
fective for growing single crystals of PZT, and crystals
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of over Imm were obtained.

3) When the molar ratio of PbO:KF:PbCl, was 2:1:2, crys-
tals were obtained which had excellent surface charac-
teristics. Those crystals were plane-shaped (1.7 X 1.7 X
0.9mm) and consisted of Pb(Zrys;Tig45)O;.
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Mechanical and electrical properties of nano-composite
ceramic materials composed of Al,O; matrix and nano-
meter size SiC particles are described. The composites
including less than 5vol% SiC particles have the same
order of resistivity and dielectric constant as those of the
non-SiC material, while keeping highly improved-
mechanical properties. The incorporation of Svol% SiC
into Al,O; matrix might be promising for materials used
under harsh circumstances.
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1. Introduction

In recent years, the remarkable advancement of leading
technology has brought about, in the field of electronics, a
need for materials which show superior properties under
harsh circumstances. In order to miniaturize and increase
capacity of ICs or to accomplish multi-lamination of
capacitors, it is necessary to improve mechanical and
electrical properties of materials for substrates and packages
or for capacitors. It is desirable that this need is satisfied
while keeping the natural functions of the materials intact.

AL O; ceramics are anti-corrosive to matters neutral,
acidic, or basic, and very strong and hard, so that they are
useful as structural ceramics.”” Moreover, they show excel-
lent insulating and high-frequency properties. As a result,
they are most frequently used as insulating ceramics indis-
pensable for electrical machinery.”

In controlling the microstructure of ceramics, improving
their various functions, or building new functions into them,
composition is one of the most important techniques. As
for AL,O; ceramics, a number of studies have been reported
on composition by dispersion of the second phase.” As one
of such composition techniques, a close attention has been
paid to nano-composite materials having particles and whis-
kers, which are far smaller than matrix, dispersed at the
grain boundaries or inside the grains.”

The purpose of this study is to study causal relations
between electrical and mechanical properties of Al,O,/SiC
nano-composite and composite structures and to discuss its
possibility as an electronic material superior in mechanical
strength.

2. Experimental Method

2-1. Production of Nano-Composite

As starting powders for Al,O+/SiC nano-composite, Y-
ALO; (average particle diameter: 0.4um) made by Asahi
Chemical Co. and B-SiC (average particle diameter:
0.3um) of Ibiden Co. were used. Powders of Al,O; and SiC
were prepared at their composition ratios and mixed in a
wet-type bowl mill for 12h inside ethanol. After drying, the
powders underwent further dry-type mixing for 24h and all
the lumps were sufficiently ground. This powder mixture
was hot-pressed in nitrogen atmosphere at the sintering
temperature at 1500 to 1800°C and the pressure of 28MPa
to obtain nano-composite.

2-2. Evaluation of Properties

Hardness, one of mechanical properties, was measured
under loads of 300 to 1000g using a Vickers test machine.
Fracture toughness was evaluated by the IM method (Inden-
tation Microfracture method). Hardness was measured by
the 3-point bending method with the span of 20mm and the
crosshead speed of 0.5mm/min.

In order to measure electrical properties, a disk of 10mm
in diameter and lmm in thickness was cut and metallic
electrodes were vapor-deposited on both sides by sputtering.
Resistivity was measured by the two-terminal method using
a  high-resistance  meter  (Yokogawa-Hewlett-Pack-
ard:4329A). Moreover, the frequency properties of im-
pedance were measured using an impedance analyzer
(Yokogawa-Hewlett-Packard: 4192A). The dielectric con-
stant was calculated from the measurement of capacity
based on the two-terminal method.

For observation of the microstructure, a transmission-
type electron microscope (TEM), a high-resolution electron
microscope (HREM), and the like were used.

3. Experimental Results and Discussions

3-1. Microstructures

The specimen thus prepared was observed by TEM. It
was found that in the range where SiC additive was little, a
majority of SiC particles of several ten nanometers in
diameter were dispersed inside Al,O; particles and formed
nano-composite, as shown in Fig. 1. Figure 2 is an HREM
image of ALO3/SiC nano-composite. As a result of this
HREM observation, it was confirmed that no big reactive
phase existed at the boundary between SiC particles dis-
persed inside particles and the matrix.



Sawaguchi, A. et al.

3-2. Mechanical Properties

Figure 3 shows the relationship between SiC addition in
ALO,/SiC composite and the mechanical properties. For
reference purposes, results for the case in which SiC par-
ticles of 2um in average diameter were used as a starting
raw material are also included. The fracture toughness and
the bending strength assumed the highest values at 5vol%
for SiC. Since the bending strength increased nearly 3-fold
compared to the case of Ovol% for SiC, it is apparent that
the mechanical properties were greatly improved. This is
presumably because compressed residual stresses generated
around the minute SiC particles scattered throughout the
ALO; particles strongly restrain the generation of destruc-
tive sources inside the Al,O; matrix. Thus, it is clear that
this composite can have its mechanical properties improved

Fig. 1. Structure of AL,O3/SiC nano-composite.

Fig. 2. HREM image of ALO3/SiC nano-comitrposite.
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effectively even with the addition of a small amount of SiC.

3-3. Electrical Properties

Figure 4 shows the relationship between the volume
resistivity of the AL,Os/SiC composite and the addition of
SiC. When the addition of SiC was within 10vol%, then
the resistivity remained almost constant at the order of 10"
cm, but decreased abruptly when the addition was over
15vol%, and went below 10° cm when the addition exceeded
20vol%. The resistivity ratio of the single substances Al,O5
and SiC was greatly different by the order of 10°. This is
presumably because of the fact that while the addition of
SiC was still small, SiC particles stayed within crystal
grains, but the increasing addition above 15vol% brought
about dispersion of SiC particles around grain boundaries,
thereby causing the resistivity to fall abruptly. From the
point of view of resistivity, the new composite can be treated
as an insulator when the addition of SiC is below 10vol%,
and as a semiconductor above 20vol%. When the addition
of SiC is within 10vol%, the composite has excellent
mechanical properties, so that it can be expected as an in-
sulating material.

Figure 5 shows the temperature dependence on the resis-
tivity of Al,O4/SiC nano-composite. It is seen that the resis-
tance temperature coefficient is negative. It is clear that
for a specimen in which the addition of SiC ranges from 0
to 10vol%, its gradient is relatively large and the composite
insulating, while the addition is over 20vol%, the gradient

<] :
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Fig. 4. Experimental relation between resistivity and SiC vol%
for nano-composite.
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Fig. 5. Temperature dependence on resistivity of ALO3/SiC nano-
composite.
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is small and the composite semiconductive.

Figure 6 shows the measured frequency characteristics
of impedance. For a specimen whose SiC addition is
Svol%, it was capacitive with its phase almost at -90° and
effective as an insulating substrate. The phase of a
specimen whose SiC addition was large came close to 0°,
and the specimen was purely resistive. By drawing the
complex impedance plot for such a specimen, two separate
arcs were verified, indicating the existence of at least two
or more phases which are represented by different electrical
properties.

The relationship between relative dielectric constant and
the SiC addition at a frequency of 1MHz is given in Fig. 7.
It was found that when the addition was small, the dielectric
constant did not change much, as in the case of volume
resistivity.

3-4. Conduction Models of Nano-Composite

An attempt was made to compare the newly obtained
nano-composite with conduction models of composites in
terms of elemental compositions. The models employed
were the effective medium theory and the percolation
theory.
(1) Effective Medium Theory

Landauer’s effective medium theory presupposes a
specimen which has two types of grains with conductivities

10 p—r—or v
- — 10vol%
E 8 — 5vol%
[} \,rOvol%
N6 oo 8 1
E 4 25vol%
E
0 30
25vol% 0 ~
[
-30 £
17v0l% g
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Fig. 6. Frequency characteristics of impedance for nano-com-
posite.
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Fig. 7 Relative dielectric constant of nano-composite as a function
of SiC vol%.
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(inverse of resistivity) o, and O, sspersed randomly
without any interrelationship and which is sufficiently large
compared to the grain sizes.” Grains are assumed to be
spherical. Then, with x, and x, (=1-x,) representing the
volume ratio of the two types of grains, the conductivity 6,
of the system as a whole can be expressed by the followins,
equation:

On=[Bx,— Do+ Br,— 1o, + [[Bx, - Doy
+{ G- oo + o0 /4. .. ... )

By substituting the conductivities of Al,O; and SiC into G,
and ©, the relations between their respective volume ratiso
and G, can be calculated. As a result, the resistivity of the
composite, p, can be obtained as the inverse of o,

In an ordinary sintered body consisting of Al,O; and SiC,
particles of ALO; and SiC are scattered around, as in the
case of two types of particles with conductivities o, and
0,. If the conductivities of AA,0; and SiC are used as the
values for o, and ©, then the inverse of G, for different
volume ratio can be obtained, as plotted in Fig. 4. The
actual measurements of the inverse of the resistivity for the
case where the volume ratio of SiC was 0.1% were adopted
as the values for ¢, and ©,. As is clear from the graph,
the theoretical values do not agree with the actual measure-
ments. Since the conductivity of SiC is extremely larger
than that of AL,Os, the resistivity of the entire system can
only be determined with the conductivity and the volume
ratio of SiC, as long as the volume ratio of SiC is over 34%,
as easily understood from equation (1).

This model does not apply properly to structures such as
nano-composites. Based on the effective medium theory, it
is considered that an electric current flows uniformly
through the particles of SiC and Al,O; according to their
resistivities. In practice, however, it is considered that in
this region, a current flows more selectively through the
connections of SiC particles, since they have a lower resis-
tance.

(2) Percolation Theory

When insulating particles are mixed with conductive par-
ticles, an electric current flows selectively through the con-
nections of the conductive particles. This implies that a
current flow depends on a geometric state. The percolation
theory treats such situations based on probability.”

Kirkpatrick has obtained the following equation for the
case of simple cubic lattices by means of computer simula-
tion:

o(V)e (V- V), t~15

where V represents the volume ratio of the conductive par-
ticles. The above equation can be rewritten in terms of
resistivity as follows:

p(V)e (V= Vo)1~ 15

The resistivity for the cases in which this model holds is
related linearly with log(V-V.), and the absolute value of the
slope angle is t.

According to the percolation theory, if the volume ratio
of SiC is over a certain critical value V., then equation (3)
applies to the resistivity of a composite. If the results of the
measurement of volume resistivity in Fig. 4 are plotted
against the relation between logp and log(V-V,), then near-
ly a straight line is obtained, as shown in Fig. 8, and it is
found from the slope angle that t=1.52. Therefore, the
model based on the percolation theory holds for this case.
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Fig. 8. log p vs. log (V-V.) of AL,O3/SiC nano-composite
ceramics.

If this straight line is expressed in terms of the relation
between p and V, then it becomes a solid curve in Fig. 4.
It is clear that the theoretical values agree very well with
the actual measurements above the critical volume ratio V..

In the regions where from the point of view of composi-
tion, the conductivities of Al,0; and SiC must be reflected
on the entire system according to the effective medium
theory, the conductivity of the system as a whole is control-
led by SiC in practice, because the conductivity of SiC is
extremely higher than that of AL,Os. In this experiment, the
value V.=0.15 was obtained. But this critical volume ratio
was the volume ratio for the precise moment when conduc-
tive channels began to be formed throughout the entire
specimen. Above this V,, the characteristics of SiC must
become predominant. These results show that while the
characteristics of Al,Os also affect the resistivity of the sys-
tem as a whole when the volume ratio of SiC is 15%, the
characteristics of SiC become dominant when the SiC
volume ratio exceeds 30%. As aresult, it is considered that
the value V.=15% obtained experimentally based on the
percolation theory is equivalent to the volume ratio for the
moment when the characteristics of SiC begin to become
more or less predominant, and is also a meaningful value in
reality.

In contrast, no conductive channels are formed inside a
specimen below V,, so that the percolation theory cannot
fully explain the phenomenon. In this case, ALO; is con-
sidered to contribute considerably to the conductivity of the
system, so the effective medium theory is more realistic. As
seen from Fig. 4, however, the actual measurements of resis-
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tivity are somewhat lower than theoretically calculated
values. The possible cause of this is that the very resistivity
of ALO; which is a large contributor has lost some of its
value as a result of the composition with SiC.

4. Conclusions

Nano-composites were produced having a structure in
which nano-meter size SiC particles were dispersed in the
matrix of AL,O; and the relations between their mechanical
and electrical properties and the volume ratio of SiC were
examined. It was found that materials with the SiC addition
of less than 5vol% showed little changes in resistivity or
conductivity and displayed excellent mechanical properties.
Therefore, such materials are considered to be promising as
outstanding insulating ceramic substrates. The measure-
ments of resistivity were examined by comparison with
theoretical values based on conduction models of com-
posites. It was found that by setting the critical volume ratio
at 15% for which SiC particles dispersed around the boun-
daries of Al,O; particles began to form conductive channels
throughout the specimen, the percolation theory stood up
where this critical volume ratio was surpassed. Because it
is simple and inexpensive, the production process for such
particle-dispersed nano-composites is considered to be an
effective technique in the future development of materials.
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Thin films of BaTiO; were prepared by CVD using
barium B-diketonate chelate {Ba(C,H;0,),} and
titanium tetraisopropoxide {TifOCH(CHs),],} as precur-
sors. BaTiO; films deposited from 700° to 1000°C on
MgO(100) substrates showed prominent a-axis orienta-
tion. X-ray pole figure measurement by Schulz’s
reflected method indicated that the CVD-BaTiO; films
deposited from 900° to 1000°C grew epitaxially on
MgO(100) substrates. SEM observation showed that
rectangular grains aligned two dimensionally in the
plane of the films deposited at 1000°C.
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1. Introduction

Barium titanate (BaTiO;) of tetragonal perovskite struc-
ture is known as a ferroelectric having a polarization axis
in the direction of c-axis and a high dielectric constant in
the direction of a-axis, and has been studied extensively for
its sinters, single crystals and thin films."?

Recently, a number of researchers are trying to prepare
the thin films by various methods, including physical vapor
deposition (PVD) (such as deposition,”” sputtering,*'? and
laser ablation'*'") to meet the increasing demand for more
compact, integrated elements.

Chemical vapor deposition (CVD) is also extensively
being applied to the production of thin films, together with
PVD, for semiconductor devices. However, few researchers
have discussed CVD as a method for preparing thin films
of barium titanate, mainly due to the lack of proper barium
sources for CVD. More recently, however, Yamane et al
discussed B-diketone chelate as a barium source for the
preparation of oxide-base superconducting thin films (Y-Ba-
Cu-O films) by CVD."

In this study, the authors attempted to prepare a Ba-Ti-O
film on a MgO(100) substrate by the CVD method, using
B-diketone chelate as the barium metal source and titanium
alkoxide as the titanium metal source, to investigate the
crystal orientation and surface morphology of the deposits
prepared at varying temperatures.

2. Experimental Procedure

Figure 1 illustrates the hot-wall type CVD apparatus

used in this study, where a quartz tube (inner diameter:
20mm) was placed horizontally, and the feed evaporation
and substrate-holding sections were heated separately by
electrical heaters. The B-diketone chelate as the barium
source was Ba(thd),{bis(2,2,6,6-tetramethy3.5-hep-
tanedionato)barium(Il)}, supplied by Tosoh-Akzo. Roughly
60mg of Ba(thd),, placed in a quartz glass boat, was heated
t0 250°C"” and carried to the substrate by an Ar gas flowing
at  50ml/min. Titanium tetraisopropoxide {TTIP:
Ti(OCH(CHjs),)s, supplied by Wako Junyaku} was carried
from the evaporator by an Ar gas flowing at 100ml/min.
The TTIP evaporator was kept at 25°C.'® Oxygen was used
as the oxidation gas, admitted into the reactor tube at
250ml/min. The other reaction conditions were a total gas
pressure of 6mmHg and a reaction time of 1h. The substrate
was of single crystalline, mirror-polished MgO(100),
10x10x0.3mm in size, kept at 600° to 1000°C.

The films prepared were analyzed by various methods:
X-ray diffraction analysis (XRD) with CuKa ray to inves-
tigate the crystalline phases and orientation; the Schulz’s
reflection method with CoKo ray to draw the pole figures
(in an attempt to clarify the relationship between the crys-
talline phase and orientation for the films deposited at 900°
and 1000°C); analysis by a scanning electron microscope
(SEM) to observe the film surface structures; and electron
probe microanalysis (EPMA) with a BaTiO; sinter as the
standard to determine the film compositions.

3. Results and Discussion

The thin film prepared was white and semitransparent,
approximately 1pm in thickness. Figure 2 presents the X-
ray diffraction analysis results of the thin films deposited at
600° to 1000°C on the MgO substrates. The cubic or
tetragonal BaTiO; (100) or (101) was detected in the film
deposited at 600°C, though only to a small extent (Fig.2(a)).
The (h00) or (00/) peak was detected in the film deposited
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Fig. 1. Schematic diagram of the hot wall type CVD apparatus for
the synthesis of BaTiOs films.

(1) MgO substrate, (2) Ba(thd), boat, (3) TifOCH(CH3)2]s bubbler
in a water bath, (4) resistance furnace, (S) thermocouple
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at 650°C (Fig.2(b)). For the films deposited at 700°C and
higher (Fig.2(c), (d) and (e)) intensity of the (200) or 008)
peak increased, and intensity of the (101) or (212) was 5 or
less relative to that of the (200) or (002) peak.

Next, the XRD peaks of these orientated films, observed
at 20=99 to 102°, were investigated, to find that each peak
was positioned at 101.0° with a tail to the lower-angle side.
The peak position was closer to that of the tetragonal (400)
peak at 26=100.96° (JCPDS5-0626) rather than to that of
the cubic BaTiO; (004) peak at 99.69° (JCPDS31-174)."'¥
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Fig. 2. XRD patterns of BaTiO; films deposited on MgO(100)
substrates at various deposition temperatures. (a): deposited at
600°C, (b): deposited at 650°C, (C): deposited at 700°C, (d):
deposited at 900°C (e): deposited at 1000°C
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Fig. 3. X-ray pole figures taken about the (101) peak for the
BaTiOs film deposited at 1000°C (a) and taken about the (220) peak
for the MgO(100) substrate (b)
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Fig. 4. SEM photographs of the BaTiOs films deposited at
900°C (a) and at 1000°C (b)

And the tail at lower angle side of the peak was attributed
to tetragonal (004) (26=99.45°). Thus the BaTiO; films
prepared in this study are considered to be of the tetragonal
phase whose a-axis is oriented to the direction perpendicular
to the substrate, because the (400)/(004) peak intensity ratio
will be 2:1 when the tetragonal BaTiO; phase is not
oriented." Peaks of the Ba,TiO, and unidentified phases
were detected at 20=46 to 48° in all of the thin films
prepared, though very slightly; relative intensities of these
peaks were 5 or less.

The EPMA results indicated that thin films had excess
quantities of titanium (Ba/Ti<0.5) than the stoichiometric
BaTiO; composition.

The half-width of the rocking curve of the (200) plane
was measured to assess the crystal orientation. It was
around 0.9° for the films deposited at 700° to 1000°C, suf-
ficiently small in comparison to that of the rocking curve of
the substrate (0.5°), indicating that its crystallinity was high.

Figures 3(a) and (b) present the pole figures of the (101)
and (220) reflections at 26=36.9 and 73.8° for the BaTiO,
film deposited at 1000°C and MgO substrate, respectively.

The BaTiO; (101) diffraction poles were detected at a
inclination angle (o) of 45°, and at rotation angles (B) of 0,
90, 180 and 270° around the normal line to the substrate.
These were in agreement with the angles of the MgO sub-
strate (220), from which it was judged that the BaTiO; film
was grown epitaxially with the substrate. Similar results
were observed with the film deposited at 900°C. This film,
however, had wider peaks, and hence slightly more irregular
crystalline configuration in the substrate plane than the one
deposited at 1000°C.

Figures 4(a) and (b) present the SEM photographs of the
thin films deposited at 900° and 1000°C, respectively.
Grains of around 500nm were found on the surface of the
film deposited at 900°C. The film deposited at 1000°C, on
the other hand, had a dense surface, with rectangular grains
of 1um extending two-dimensionally. Growth of the rec-
tangular grains was considered to correspond to their
epitaxial relation with the substrate. Single-crystalline
LiF*'" and SrTiO;>” were known as substrates on which a
BaTiO; film was grown epitaxially. An oriented BaTiO,
film was deposited on a MgO(100) substrate by sputter-
ing,m but the report did not mention whether or not the film
was grown epitaxially.

It is thus clarified that a BaTiO; film was grown
epitaxially also on a MgO (100) substrate, though misfit of
the lattice constant of the tetragonal BaTiO; (100) system
with that of MgO (100), which ranges from 4.1 to 5.0%, is
larger than those with LiF (100) and SrTiO; (100) substrates,
ranging from 0.3 to 0.6% and from 2.2 to 3.3%, respectively.



Vol. 99-516

4. Conclusions

The thin BaTiO; films oriented to the a-axis were
prepared at 700° to 1000°C by the thermal CVD method,
using a B-diketone chelate as the barium source and titanium
alkoxide as the titanium source. BaTiO; is highly fer-
roelectric, having a dielectric constant of 2000 or more in
the direction of the a—axis,z’ and its film is expected to be
used for large-capacity capacitors.

The BaTiO; grains were grown in the films deposited at
900° and 1000°C epitaxially with the MgO (100) substrates,
as revealed by the pole figures drawn by Shulz’s reflection
method. The film deposited at 1000°C consisted of rectan-
gular grains extending two-dimensionally on the film sur-
face.
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Preparation of Heat Resistant Microporous Ceramic
Membranes for Selective Gas Permeation

Maorong Chai, Koshi Sekizawa, Masato Machida, Koichi Eguchi
and Hiromichi Arai

Department of Materials Science and Technology, Graduate School of Engineering Sciences, Kyushu University
6-1 Kasugakoen, Kasuga-shi, 816 Japan

Microporous membranes of hexaaluminates (Ba- and
La-Al,0;) showed heat resistance much higher than that
of the conventional Al,O; membrane. Although the
AlLO; membrane cracked by heat treatment above
1000°C due to y-o transformation, Ba- and La-Al,0;
membranes retained a crack-free microstructure and ex-
hibited excellent selective gas permeation after calcina-
tion up to 1000°C.
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1. Introduction

.Microporous ceramic membranes have been extensively
investigated for the separation of gaseous mixtures because
of many advantages in their thermal and chemical
stabilities."” One of the most important applications of gas-
separative ceramic membranes is for high-temperature
catalytic reactions. Actually, however, most conventional
membrane materials, i.e., A,Os, SiO, and SiO,-Al,0;, are
easily thermally damaged because of crack formation or
pore growth above 1000°C. For the improvement of
membrane heat resistance, the investigation should be
directed to the development of a new membrane material,
which has hardly been examined so far. In previous
studies,” we developed fine particles of hexaaluminate
with excellent heat resistance. This material can retain the
particle size by an order of magnitude smaller than pure
alumina after calcinating above 1100°C, and is expected to
be suitable for heat-resistant ceramic membranes. In this
study, the preparation and thermal stability of hexaaluminate
membranes were examined by the modified sol-gel method.
The thermal stability of the membrane was evaluated by
measuring microstructure and gas permeability after sinter-
ing at different temperatures ranging from 500 to 1300°C.

2. Experimental Procedure

Microporous membranes with a composition of
hexaaluminate (BaAl,,0,¢ and LaAl,,0,5) were prepared by
repeated dip-coating (20 times) of a coarse porous substrate
(ALO; 76%, SiO, 23%, Nippon Kagaku Togyo Co. Ltd.,
16x16mm, thickness 2mm, pore size 500nm, porosity c.a.
45%.) with alkoxide-derived sol prepared by the following
procedure. Aluminum isopropoxide, Al(OC;H;);, was intro-

duced into an excess hot water (80°C, 100mol/mol-
alkoxide) under vigorous stirring. The clear sol was ob-
tained by the addition of HCI (0.1mol/mol-alkoxide) to the
alkoxide-water slurry. Finally, a corresponding amount of
Ba(NO3), or La(NOs); was added to the sol. Prior to the
dipcoating process, the sol was diluted six times with water
to reduce viscosity. These membranes were dried at room
temperature in air and calcined at 500°C for 5h after a single
dip-coating process. After heat treatment at 1000-1300°C,
microstructures and gas permeability of the La-Al,O; and
Ba-Al,O; membranes thus prepared were compared with
those of the pure alumina membrane, which was prepared
from boehmite sol as described by Leenaas et al.” The
dip-coating of the alumina membrane was repeated 10
times. The gas permeation measurement was performed at
room temperature as was described by Burggraaf et al.®

3. Result and Discussion

Microstructure of ALOs;, La-AlLO; and Ba-Al,O;
membranes was observed with a scanning electron micro-
scope (JEOL JSM-330T) after heating at 500, 1000 and
1300°C in air (Fig.1). We confirmed that the microstruc-
tural change of the porous alumina support was scarcely
observed in this temperature range. The surface of the three
types of membranes as deposited are smooth and flat, i.e.,
neither cleavages nor cracks were observed. From the
cross-sectional view of the membranes, the thickness of the
membranes is about 3-5um. The heat treatment above
1000°C changed the microstructures of membranes in a dif-
ferent way. Significant shrinkage and grain growth of AlL,O,
resulted in crack formation in the membrane calcined above
1000°C. In contrast, the La-Al,O; and Ba-Al,0;
membranes could maintain the initial microstructures up to
1000°C. Heating at 1300°C led to crystallization of the
hexaaluminate, which was indicated by the formation of
place-like particles.

An effect of heat treatment temperatures on the H, per-
meability of three types of membranes is shown in Fig.2.
The permeability of pure Al,O; membrane steeply increased
with a rise in heating temperature. On the other hand, the
permeability of Ba- and La-Al,O; membranes increased
gradually up to 1000°C but rose drastically above 1000°C
due to the crystallization of hexaaluminate. From the pure
gas (H, and N,) permeation measurement, the permeability
ratio of H, to N, is plotted as a function of heat treatment
temperatures (Fig.3). For the Al,O; membranes prepared,
the gas permeabilities are proportional to the reciprocal
square root of the molecular weight of examined gas (H,,
He, N,, CO,), indicating that Knudsen flow should dominate
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Fig. 1. SEM micrographs of surface and cross-sectional views of microporous membranes after heating at respective temperatures
a) Al,Os, 500°C, b) Al;0s, 1000°C, ¢) Ba-Al:03, 1000°C and d) Ba-Al,0s, 1300°C
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Fig. 2. Hydrogen permeability of microporous membranes after
heat treatment
A Ba-ALO;, [0 La-ALO3, O ALO;3

gas permeation through the membranes. The gas permea-
tion of the Al,O; membrane deviated from Knudsen flow
after heat treatment above 1000°C because of the crack for-
mation. For the hexaaluminate membranes, however, the
observed gas selectivities were much higher than expected
from Knudsen flow after calcination at 500-1000°C (Fig.3).
This is probably due to the existence of smaller pores than
in the pure alumina membranes. These small pores possibly
led to the contribution of an other permeation mechanism.
It is noted that the Ba- and La-Al,O; membranes retained
the selective permeation, which is expected from Knudsen
mechanism, after crystallization of hexaaluminate at
1300°C. These outstanding properties appear to result from
the excellent heat resistance of hexaaluminate fine particles
against crystal growth and sintering.

It is well known that the y-o. phase transformation of
Al O; significantly accelerates grain growth with two orders
of decrease in the surface area. Since the transformation
resulted in volume shrinkage, crack formation, and thus a
decrease in permeation selectivity of the membrane (as
shown in Figs.] and 3), the operation temperature of
alumina membrane should be limited to well below 1000°C.
Some alkaline earth or rare earth oxides were reported to

0.9
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Fig. 3. Permeability ratio of H to N as a function of heat treatment
temperature of membranes. The broken line shows a theoretical
value of the Knudsen diffusion mechanism.

A Ba-AlLOs, [ La-ALOs, O ALOs

suppress the phase transformation and sinterability of Al,O,
at 1000-1200°C.”'®  Moreover, Matsuda et al. and the
authors have previously reported that the addition of these
oxides produces the hexaaluminate phase, which can retain
a surface area 10 times larger than Al,O; above 1200°C.""*9
The present study revealed that such a heat resistant material
is quite suitable for a thermally stable microporous
membrane.

4. Conclusion

This study shows that hexaaluminate membranes
prepared by the sol-gel process possess a much higher heat
resistance than conventional alumina membranes, which in-
dicates that selective gas permeation could be applicable to
high-temperature  processes. The formation of
hexaaluminate is effective not only in inhibiting crack for-
mation, but also in maintaining the fine grain size of primary
particles in the membranes.
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10-Fold Production Speed Increase
of Ceramic Thin Films

The Basic Technology Research Promo-
tion Center has developed, jointly with RIMS
is (comprised of 17 private enterprises includ-
ing Ishikawajima-Harima Industries) an ap-
paratus capable of producing thin ceramic
films 10 times faster than the conventional
one. It has a function to perform coating, and
produces ceramic material by reacting a metal
as the starting material, evaporated with an
electron gun, with ionized gas (plasma) of
nitrogen, oxygen or carbon. The ceramic
plasma is deposited over an object under a
given voltage. It has been demonstrated that
a stainless surface is coated with a thin
titanium nitride film at 1.7um/sec, a speed
which is 9 to 10 times faster than that ob-
tained by conventional apparatus. The ap-
paratus will be applicable to coating
automobile and machine parts to make them
wear-resistant.

Non-Linear Optical Materials

Asahi Glass has developed, jointly with
Nagoya University’s Faculty of Engineering,
a material dispersed with superfine semicon-
ductor particles which has a 3-dimensional
non-linear optic effect (rate at which refrac-
tive index is changed when the material is
irradiated with light) 100 times higher than
the conventional one. Cuprous bromide is
used as the semiconductor material, the su-
perfine (100A) particles of which are dis-
persed in glass. The device operates with
laser beams of 410nm wavelength. The 3-
dimensional non-linear optic effect allows
high-speed optical logic elements such as
those provided with switching or memory
functions to operate only with light. Realiz-
ing a high 3-dimensional non-linear optic ef-
fect level, in particular that produced by a
practical wavelength, is the key to developing
optical computers.

Apatite Sheet

The Fukuoka Prefectural Industrial Tech-
nology Center has developed, jointly with the
Government Industrial Research Institute,
Kyushu, a method to make sheets from fibers
coated with apatite, and jointly applied for
patent. The process is based on the wet syn-
thesis of apatite in which a phosphoric acid
solution is added drop by drop to a calcium
ion solution, and the fibers of various
materials, such as pulp, bamboo, straw and so
on, are added to the reaction solution to
deposit and crystallize apatite over the fiber
surfaces. The coated fibers thus prepared are
then made into sheets by the standard method.

No additive (such as polymer fixing agent) is
used. Quality of apatite to be deposited over
the fiber surfaces can be freely controlled up
to 0.8mg/g of fiber by adjusting concentra-
tions of calcium ions and phosphoric acid.
Controllable range can be further widened by
adjusting pH of the reaction solution and
operating temperature. The researchers are
now looking for applicable areas.

Gyrotron-Aided Ceramic
Producing Apparatus

Tomen, Fuji Denpa Kogyo and Continen-
tal Electronics (US) have jointly developed
and plan to sell the world’s first apparatus to
produce fine ceramics in which works are
heated by high-power microwaves. The ap-
paratus employs a gyrotron (used for the re-
search of nuclear fusion), and is expected to
find use in the development of high-tempera-
ture superconducting materials and ceramic-
ceramic joining. The gyrotron, supplied by
Barian, heats the works uniformly by high-
power microwaves of 28GHz to produce
ceramic parts of high accuracy. Barian and
Continental Electronics have already supplied
the new apparatus to research organizations
in the USA. The three companies are jointly
producing apparatus for commercial purposes
with gyrotrons supplied by Barian. The price
will be 100 to 150 million yen. They also
plan to commission tests and research for the
development of new ceramic materials, and
are expecting annual sales of at least 200 mil-
lion yen.

Ceramic Die

The Agency of Industrial Science and
Technology’s ~ Mechanical ~ Engineering
Laboratory has produced a prototype ceramic
die for constant-temperature forging, a tech-
nique to produce highly heat-resistant alloys
for aircraft parts, in which an object is forged
in a die at around 1000°C. The conventional
die for this process is of molybdenum alloy,
which, however, cannot be used under any
condition except vacuum. This tends to make
the forging system very large. The ceramic
die, on the other hand, allows the system to
operate at atmospheric pressure, which is a
great advantage. It is approximately 25cm in
diameter, and of electrically conducting
Sialon to allow electrical discharge machin-
ing. The circular die consists of fan-shaped
sections, each being fit in a base of nickel
alloy. The strains and stress distributions of
the die and the object being forged are
analyzed by a supercomputer using the finite
element method to prevent heat-induced
cracking. The research group expects that

when fully developed, it will replace dies of
molybdenum alloy.

Rod of Single-Crystalline Synthetic
Diamond

Sumitomo Electric has developed a
method which produces a rod of single-crys-
talline synthetic diamond in a short time at a
high yield. The crystals are machined to in-
cise slightly in the crystal direction, and stain-
less wedges are driven into the breaks to dress
the crystals. The conventional method in
which the crystals are ground by a disc-
shaped blade of phosphor bronze into a rod
takes approximately 70h. The newly
developed method produces the rod in 10min
or so, at twice or more the yield, thus greatly
reducing the cost. The diamond rod is char-
acterized by uniformity both in size and crys-
talline direction. It is suitable for grindstones
dressers because of its constant dressing
resistance for stable grinding. The price
varies from 1,600 to 8,000 yen, depending on
size. The company has already started selling
the diamond rods, and is expecting to attain
initial sales of 100 million yen.

Resistivity of Sintered YBa,Cu;0.,

Takahashi and Suga of the University of
Tokyo have reported that three steps of resis-
tivity transition were observed in sintered
YBaxCu3O7.x under large current densities of
j= to 100A/cm’® as the temperature was
lowered, as follows. (1) A sharp drop ap-
peared at T=93K, corresponding to super-
coducting transition of the material; (2) a
broad shoulder appeared at T=92K to 82K,
with the gradual decrease in resistivity likely
due to the weak intergranular compling at
grain boundaries; (3) the resistivity became
almost constant and a finite value was
detected over 77K, which suggests that ex-
tremely weak grain boundaries are present in
sintered specimens.

The experiments to measure current de-
pendence of resistivity in sintered YBCO
were carried out in zero external field, par-
ticularly in the region of 100A/cm® The J
of sintered YBCO was substantially lower
than that of single crystal or thin film, the
former of which has not exceeded 500A/cm>
thus far. At present the researchers predict
that the Jc value at T=0K of the specimen
might not reach 200A/cm* because residual
resistance becomes finite (but constant) after
general boundaries transit to the supercon-
ducting state.

YBa,Cu;0-, Junction
Takahashi and Suga also reported a low
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resistivity junction method for YBa;Cu3O7.x
and indium metal.

The junction of high Tc superconductors
with metal is an important superconductor ap-
plication technology for the manufacture of
devices. When an external current flows
through a junction to a superconductor, Joule
loss of q=pij’ is generated (pi=boundary
resistivity) to destroy superconductivity of
the area near the junction. Junction resis-
tance must as a result be under pi=10‘5§2‘cm2
for practical use.

On the other hand, the YBa;Cu3O7-x
(YBCO) superconductor permits a wide
range of oxygen defects from x=0 to x=0.9
(characteristics of superconductivity largely
depend on oxygen quantity). Therefore it is
important to join YBCO with metal at room
temperature to prevent changes in charac-
teristic because absorption or a decrease in
oxygen is caused when the joining process
generates heat.

Takahashi and Suga tried to prepare junc-
tions by the evaporation method, that is, they
deposited metallic thin film on YBCO with
vacuum evaporation which was then joined
by solderless contact. This method is ap-
plicable for a wide area range (from very
small to large). Contact characteristics are
shown in Table 1.

Table 1. Contact chracteristics

Evaporation con- gg:" Contact Contact

Sa ition area resis- resistiv-
i tance ity 77K

P 77K

(tom) m?) | (9 ()
#1 | Silver (4.0 x 10 | 00550 [ 76.1 4.18
#2 | Siver (1.8 x 10 | 0.0594 | 322 1.91
#3 | Gold (24x10% | 00728 | 706 5.14
#4 | Gold (28x10% | 0.1008 | 74.7 7.53
#5 | Copper(4.0x10®) | 0.0416 | 95.0 3.95
#6 | Copper(24x10®) | 0.0864 | 422 3.65
#7 | Indium2.0 x 10®)| 00899 | 1.30x10" | 1.16x10°

New Classification System

Wada et al. of the Superconductivity Re-
search Laboratory have proposed a new clas-
sification ~ system  for  copper-based
superconductor consisting of 3 categories or
“blocks.” According to the new classifica-
tion, the main block is perovskite (ACUO3.3),
followed by a rock salt block (AO) and
fluolite block (AO2). The pervoskite block
contains four types, full pervoskite structure
(ACUQ:3) and three types of oxygen deffi-
cient pevroskite blocks; the series of super-
conducting compounds such as
LaCan.1CunO2n+2  and  MmA>Cay.iCun-
Cu3O2n+4-1Z (R: rare earth element, A=Sr or
Ba) consist of pervoskite blocks, rock salt
blocks and fluorite  blocks. The

electroneutrality conditions in the crystal
were taken into account.

The characteristic charge for each struc-
tural block was calculated using an ionic
model. In LayCuOs, the perovskite block
[La**Cu**(0%)3] has a negative charge and
the rock salt block [La**O*] a positive
charge. The negative perovskite block is con-
sidered to be a hole acceptor. On the other
hand, in Nd>CuOs, the oxygen deficient
perovskite block [Nd*Cu?*(0%)2] is posi-
tively charged and the fluorite block
[Nd*(O%)] is negatively charged. Conse-
quently, the perovskite block readily accepts
an electron. The rock salt block usually has
a positive charge and works as a hole donor
for the CuO: planes in the perovskite block.
The fluorite block has usually a negative
charge and so works as a hole acceptor. A
variety of new layered copper oxides which
may turn into new high-Tc superconductors
can be designed by employing the basic prin-
ciples of the present block model and taking
into account the lattice constant matching and
the electroneutrality condition between the
blocks. Thus the block model provides a
guiding principle for the preparation of new
layered copoper compounds.

Y,,CaxBa,Cu,05 (0<x<0.1) Films
Manabe and his colleagues at the National
Chemical Laboratory for Industry have
prepared Y|.xCaxBaxCusOs superconductor
film by the dipping-pyrolysis process. Ac-
cording to the Journal of the Ceramic Society
of Japan (international edition, vol.99/no.5),
films of the 1-2-4 phase with Tczero=70K and
55K were prepared by direct heat-treatment
of (Y203-BaCO3-CuO) precursor films (Y:
Ba: Cu=1:2:4 in molar ratio) in Oz at 780°C
for 24-72h followed by slow-cooling and
quenching, respectively. Both films showed
metallic behavior above the transition
temperatures, indicating the formation of the
1-2-4 phase. On the other hand, once a mix-
ture of YBaxCu3O7(1-2-3) and CuO was
formed by the heat-treatment at 820°C,
p(02)=10" atm or at 700°C, p(O2)=107-10"*
atm, conversion into the 1-2-4 phase was very
difficult after the subsequent heat treatment
within the stability region (780°C, p(O2)=1
atom) of the 1-2-4 phase. The Y.xCax-
Ba;CusOg (x=0.05 and 0.1) films exhibited
higher Tconser values, however, the film of
1x=0.1 was found to contain only a small frac-
tion of the 1-2-4 phase. Moreover, when the
Ca-content precursor films were fired in an
atmosphere  with p(02) of 10°-10* amm at

Photo 2 Magnetic field elimination
equipment

Vol .99 C-55

700-C, the product films gave an XRD pat-
tern of (1-2-3) + (1-2-4) mixture.

Photo 1. Microgram of Bi system
ceramic cyristal

Large Bi System Superconductor
Single Crystal

The Government Industrial Research In-
stitute(GIRI), Osaka, and Assoc. Prof. T.
Kawai of Osaka University have jointly
developed a large single crystal Bi system
superconductor. ~ This single crystal was
originally prepared as a 90K superconductor
and was converted to 110K through a CAP
process developed by GIRIL. Its size is 3mm
wide, 3mm long and several micrometers
thick. The low temperature phase crystal is
composed of Bi, Sr, Ca, and Cu at 2:2:1.2,
and the high temperature Tc crystal is 2:2:2:3.

Complete Elimination of Magnetic
Field by Superconductor

The Research Development Corporation
of Japan(RDCJ) has developed magnetic field
elimination technology by completely
eliminating “‘trap” magnetic field. Trap
magnetic field is the largest cause of
decreased reliability in superconductors and
magnetic shield materials.  The process
sweeps away residual magnetic field on su-
perconductors by means of a scanning laser
beam, achieving an ideal phase in which the
internal magnetic field is zero. This prevents
malfunctions in high speed Josephson ele-
ments and will lead to the development of
high performance magnetic field shielding
device.

The Magnetic Flux Quantum Information
Project team headed by Prof. E. Goto applied
a 488nm Ar ion laser, which can flux focus
on an area of 0.Imm in diameter to scan the
surface of superconductors.  During this
process, the superconductor at the heated
point converts to ordinary conductive
material, and trap magnetic field gathers at
these points. If the ordinary conductive
points are moved slowly to the external area
of the superconductor, no trap field remains
at the center of the superconductor.

An experiment employing Nb, which con-
verts to a superconductor at liquid helium
temperature, has shown that the method
facilitates complete elimination of trap fields.
The team expects that this method will be
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applicable to any superconductive material
because all convert to ordinary conductive
material when heated.

Mixer Employing High
Temperature Superconductor

Few studies have been reported on ap-
plications of high temperature superconduc-
tors to electromagnetic wave sensors,
compared with the vigorous R&D on elucida-
tion of the superconducting mechanism and
exploration of new superconductors.

The National Research Laboratory of
Metrology (NRLM) has reported a study on
the application of high Tc superconductors to
a mixer. High performance mixers do not
only permit simplification of a frequency
measurement  system, but also permit
dramatic progress in synthesis and branching.

The construction of the mixer is simple,
consisting of 2mm long needle-like tungsten
wire having a diameter of 25um. The needle-
like wire is installed vertically against a
single crystal of Bi or Y system high Tc single
crystal. The mixer can detect a 10MHz beat
signal.

20
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Fig. 1. Relation between multiplexing
number vs intensity of beat signals

Through Peak

Beat signal intensity

Current

0.5 mA/div
[
0 0 0.5v/div
———— Bias current -—-— Bias voltage
n=7 n=8

Fig. 2. Dependency of beat signal
intensity on bias current and bias
voltage



Journal of the Ceramic Society of Japan, Int. Edition Vol. 99 C-57

Abstracts of Articles on Ceramics from the Selected
Journals of the Academic Societies

TETSU_TO_HAGANE
Vol.77, No.3, 1991
p-361-368

TETSU_TO_HAGANE
Vol.77, No.3, 1991
p.391-397

Zairyo-to-Kankyo
Vol.40, 1991
p.96-102

O, P and S Distribution Equilibria between Liquid Iron
and Ca0-Al;03-Fe,0 Slag Saturated with CaO

Shiro BAN-YA, Mitsutaka HINo, Atsushi SATO and Osamu TERAYAMA

Equilibrium oxygen, phosphorus and sulphur distribution between liquid iron and Ca0O-Al,03-Fe,O slag
saturated with CaO has been studied at the temperature range from 1550 to 1650°C in order to know the
applicability of the slag to secondary refining of steel and the approximate validity of the regular solution
model for the aluminate slag.

As the results, it is guessed that CaO saturated CaO-Al-;05-Fe,O slag would be useful the secondary
refining of steel. It was confirmed that regular solution model was satisfied for oxygen distribution
between liquid iron and aluminate slag as well as that between liquid iron and silicate or phosphate slag
in our previous work. Sulphur distribution ratio and sulphide capacity of the aluminate slag were
determined as the function of slag composition and temperature.

Key words : secondary steelmaking; ladle metallurgy; slag; physical chemistry; oxygen distribution;
deph Iphurization ; alumi slag; sulphide capacity ; regular solution model.
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Dynamic Wearing Test for Magnesia-Carbon Refractories Using
Induction Furnace

Akio IKESUE, Jhouki YOSHITOMI and Hiroshi SHIKANO

The chemical corrosion (static wearing condition ) and the mechamo-chemical corrosion (dynamic
wearing condition) on magnesia-carbon refracrories were investigated by a high capacity induction furnace.
In comparison with respective experiments, the specimens after dynamic wearing had large wearing rates
and showed specific corrosion mechanism on microscopic observation. The corrosion resistance of
specimen was determined by base material of refractories under static wearing condition. Through
dynamic wearing condition, it was possible to mention that the corrosion resistance has influenced by both
factors as base matetial and hot modulus of rupture.

Key words : steel making ; refractory ; corrosion ; abrasion ; erosion ; simulation.

Forms of Corrosion of Sintered Silicon Nitride Ceramics in Aqueous
Environment at High-Temperatures and Pressures*

Tetsuo Yoshio** and Kohei Oda***

** Department of Engineering Science, Faculty of Engineering, Okayama University
*xx Department of Industrial Chemistry, Yonago National College of Technology

Pressureless-sintered SisN, with additives (Y»0s-Al:Os and MgO) prepared with imide
decomposed SisN, powder was severely corroded in water at high-temperature and pressure
(300°C and 8.6 MPa), resulting in weight loss and formation of corrosion product layer. The
purpose of this work is to correlate the formation of corrosion product to the formation of
pits and discuss on an aqueous corrosion pit as the fracture origin. After removal of corrosion
product by ultrasonic cleaning in water bath, pits up to about 100 ym in diameter were found
distributed over the SisN, surface. Pit features in these sintered SisN, are different depending
on the species of oxide additives; SisN, with Y;05-Al:O5 forms deep pits with a thin protective
corrosion product layer and that with MgO forms shallow pits with a thick non-protective
corrosion product layer. This result in higher corrosion resistance for the former than the
latter. Based on these results, schematic model for pitting corrosion of SisN, was proposed.
The results also suggest that aqueous corrosion attack is practically important because it can
lead to a strength degradation of engineering ceramics.

Key words: SisN, ceramics, aqueous corrosion, high-temperature and pressure, pitting
corrosion, oxide additives, corrosion product, strength degradation
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Superconductivity of YBa,Cu3;0,-, by Addition of Reactive
Fine Powders

Takenobu Sakal, Kozi NisHi0, Naoyuki OGAWA,
Izumi HIRABAYASHI and Syoji TANAKA

Superconductivity Research Laboratory, ISTEC, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456

We report a new method for introducing pinning centers by partial melting processing using reactive fine powders,
such as SiC, SiO,, Al,0;, and ZrO,. Since this method lowers processing temperature, it may become a useful technique
for the production of high-J. metal-sheathed tapes and wires. YBCO powders were mixed with 25 mol% SiC powder of
0.3 um, sintered at 980°C for 15 min and cooled at 3°C/h under flowing oxygen gas. The obtained samples show promi-
nent grain growth and reacted phases (Y,BaCuOjs, Ba,SiO,) which are of submicron size and uniformly dispersed in the
YBCO matrix. Magnetic show the imp of the critical currents (over 7500 A/cm? at 77 K 0.04 T),
and the sample shows the so-called fishing behavior at 77 K. It seems that the reacted phases (Y,BaCuOj, Ba,SiO,) work
as effective pinning centers.

KEYWORDS: high-T, superconductors, critical current density, flux pinning

Growth, Structure and Properties of La,_,Sr,NiO,
(x=0 to 0.3) Single Crystals
Wen-Jye JANG and Humihiko TAKEI

Institute for Solid State Physics, the University of Tokyo, Roppongi, Minato-ku, Tokyo 106

Large, homogeneous single crystals of La,_,Sr,NiO, (x=0, 0.1, 0.2, 0.3) of 7 mm in diameter and 20 mm in length
have been obtained by using a lamp-image type floating: furnace under oxygen atmosphere. The chemical and X-ray
diffraction analyses reveal the presence of excess oxygen with a presumed form of peroxide ion in the crystals of x=0and
0.1. Small magnetic susceptibility and obvious deviation from the Curie-Weiss law are observed, whereas the
diamagnetic signals from superconductivity are not detected on heating from 4 K to 300 K. The resistivity is semiconduc-
tive at room eand b insulative below 100 K.

KEYWORDS: La,_,Sr,NiO, (x=0 to 0.3), FZ single crystals, magnetic and electrical properties, superconduc-
tivity, excess oxygen

Characteristics of the Switching in a Superconducting
Y-Ba-Cu-O Thin Film by Laser Irradiation

Keizo KaTo, Kuniharu TAKAHASHI, Kazuo MINAMI,
Noriki HavasHi', Shigeru Okupa', Satoshi TAkaNO'™,
Mieko OHTSUKA™! and Mitsuru AwaNo't

Department of Electrical and Electronic Engineering, Faculty of Engineering, Niigata University,
8050, Ikarashi 2-no-cho, Niigata 950-21
'Graduate School of Science and Technology, Niigata University,
8050, Ikarashi 2-no-cho, Niigata 950-21
""Osaka Research Laboratories, Sumitomo Electric Industries Ltd.,
1-1-3, Shimaya, Konohana-ku, Osaka 554

ttExperimental Center for Very Low Temp: and Energy Te i Tokyo Institute of Technology,
2-12-1, O-okayama, Meguro-ku, Tokyo 152
""" Department of Mechatronics, Faculty of Engineering, Tokyo Engineering University,

1404-1, Katakura-cho, Hachiohji, Tokyo 192

Radiation-induced switching of a Y-Ba-Cu-O thin film sample is studied using a 1.06 um pulsed Q-switched Nd:YAG
laser with a duration of 10 ns. The results of the switching from the super- to normal conducting states in our sample
caused by laser irradiation are attributed to a bolometric effect, i.e., heating of the sample by radiation. The response
time of the switching is less than 30 ns and it almost agrees with the relaxation time of the thermal conduction in the film.
Using a simple model assuming uniform distribution of energy through the film thickness, the specific heat of the film is
also estimated and a clear jump in the specific heat at the critical temperature is shown.

KEYWORDS: Y-Ba-Cu-0, superconducting thin film, switching, optical response, bolometric effect, specific
heat, laser irradiation

Structure-Parameter Dependence of Modality
of Macroscopic Quantum Effect in Superconductor Junction (IT)
—Linked Junction—

Masanori SUGAHARA and Nobuyuki YOSHIKAWA

Faculty of Engineering, Yokohama National University,
Tokiwadai 156, Hodogaya, Yokohama 240

Quantum behaviors of linked junctions of superconductor and normal metal are theoretically studied with the follow-
ing results. They are classified into two types: type 1 with normal conductance G> G, and type 2 with G< G,, where G is
the critical conductance. Ideal models of type 1 and type 2 are, respectively, prescribed with a set of parameters (g,>» 1,
g.=1)and (g,=1, g,» 1), where g, (parallel mode number) is the number of electronic quantum modes over the cross sec-
tion of the link and g, (series mode number) is the number of loss oscillators (phonons or photons) which perform
energy-exchange interaction with a transitting electron. In the case of superconductor junctions, type 1 shows the
Josephson effect and type 2 shows the PQT effect (duality of Josephson effect). The PQT effect is also expected in some
normal type 2 junctions.

KEYWORDS: macroscopic quantum effect, coherent state, superconducting linked junction, weak link,
Josephson effect, PQT effect, phase quantum tunneling (PQT)
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Boron Ion Doping Effects on Superconductivity
of YBa,Cuz_.B,0;_, Ceramics
Hiroshi KATsura*, Takasu HasHIMOTO and Yasutaka SUEMUNE'

Department of Applied Physics, Tokyo Institute of Technology, Ohokayama, Meguro-ku, Tokyo 152
'Compound Semiconductor Device Division, NTT Electronics Technology Corporation,
Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-01

Impurity effects of small ionic size, light atomic weight boron ions on the superconductivity of YBa,Cu,0,_, are in-
vestigated. The doped boron content x is from 0.00 to 0.52 in YBa,Cu,_,B,O,_, as a nominal composition, and the
ceramic samples fired in air or annealed in high-pressure oxygen gases are examined with X-ray diffraction, dc electrical
resistivity, and ac magnetic susceptibility. The crystal lattice is found to shrink due to the boron doping and to deform
from orthorhombic to tetragonal form for values of x of more than about 0.2. Superconductivity is found to be modified
by the partial B* replacement for Cu(l) ions so as to lower the critical temperature 7, and to broaden the transition
width. Change from metallic behavior to semiconductive behavior is accompanied by the boron incorporation of x
above 0.30 in the normal electrical conduction states. Steep transition is revealed on the high-pressure oxygen gas anneal-
ed samples.

KEYWORDS:

*Present address: Sumitomo Electric Industries, Yokohama.

superconductivity, high-T, oxide, impurity effects, lattice constants, Meissner effect

Variation of Transport Properties with Density of YBa,Cu;-,M,0,+,
(M=Ti**, V5*, Cr** or Mn** and x=0.0-0.1 g atom)

P. Umadevi MURALIDHARAN and A. D. DAMODARAN
Regional Research Laboratory (CSIR), Trivandrum 695 019, Kerala, India

The effect of the sintered density on the transport properties like normal state resistivity, 7, (superconducting transi-
tion temperature) and absolute thermopower has been studied for doped YBCO (YBa,Cu,_M,O;.,, where M=Ti**,
V**, Cr’* and Mn** and x=0.0-0.1 g atom). The sintered density of the sample depends on the valency of the substi-
tuent. The density increases in the order pure YBCO<Cr'* doped YBCO<Ti'* doped YBCO<Mn'* doped
YBCO<V** doped YBCO. The resistivity as well as absolute thermopower decreases with increasing density. The
significance of these results for the technological applications of granular superconductors is briefly discussed.

KEYWORDS: Y-Ba-Cu-oxide, doped YBCO, sintered density, resistivity, absolute thermopower

Effect of Reduction on Superconductivity and Electronic State
of Nd-Ce-Cu-0O System

Yuko YokoyaMma, Toshikazu KaTAyAaMA, Hiroyuki OYANAGI,
Yuichi Hasumi® and Yoshikazu NISHIHARA

Electrotechnical Laboratory, Tsukuba, Ibaraki 305
Faculty of Science & Technology, Meiji University, Kawasaki 214

The effect of reduction on the superconductivity and electronic state of Nd,_,Ce,CuO,_; has been investigated by
measurements of the magnetization and X-ray absorption near-edge structure of the Cu K-edge for specimens annealed
at various oxygen pressures and temperatures. The superconducting onset temperature and diamagnetization increase
with decreasing oxygen partial pressure of annealing. We find that the electron density estimated from the edge shift of
the Cu K-edge absorption increases with the increase in the degree of reduction and that the magnitude of superconduc-
tive di ization b above a certain degree of reduction. It is concluded that the electron density
beyond a certain critical value is necessary for the occurrence of the superconductivity in this system.

KEYWORDS:

superconductor, Nd,_,Ce,Cu0O,_; magnetization, X-ray absorption
Cryogenic Scanning Tunneling Microscopy and Spectroscopy on
the Cleaved Surface of Bi-Sr-Ca-Cu-0 Down to 4.2 K

Tetsuya HASEGAWA, Masashi NANTOH and Koichi KiTAzAwWA

Department of Industrial Chemistry, University of Tokyo, Bunkyo-ku, Tokyo 113

Atomic resolution has been achieved by a scanning tunneling microscopy (STM) system for the first time on an oxide
superconductor at cryogenic temperatures. The atomic corrugation with a periodicity of 0.35 nm and the modulation
along the b-axis with a superlattice periodicity of about 2.7 nm have both been clearly observed on the cleaved a-b plane
of a Bi-Sr-Ca-Cu-O single crystal. Furthermore, it is found that some features of the spectrum, including the shape of
the superconducting gap, depended significantly on the distance between the probe tip and sample surface. Wide scatter-
ing of the results so far reported for various types of tunneling methods can be interpreted in terms of this distance
dependence of the tunneling spectrum. We conclude that the superconducting gap structure in the spectrum is by far
different from the prediction of the BCS weak-coupling theory.

KEYWORDS: cryogenic STM, Bi-Sr-Ca-Cu-0O, high-temperature superconductor, tunneling spectroscopy,

superconducting gap
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Processing of Perovskite Ph(Zn;/3Nb,,3)0; by Hot Isostatic
Pressing and Its Dielectric Properties

Takamitsu Fusiu, Akira TANAKA and Tadashi TAKENAKA'

Opto-electronic ials L ry, Nikon Corp , 1-10-1 A izodai, Sagamih Kanag, 228
tFaculty of Science and Technology, Science University of Tokyo, Noda, Chiba 278
Perovskite Pb(Zn,/;Nb,/3)O; (PZN) was obtained by first fabricating pyrochlore PZN ceramics and then converting
pyrochlore to perovskite using HIP. PZN ceramics containing as much perovskite as 96% were fabricated under 200
MPa at 1150°C for 1 h. The electromechanical coupling factors and the piezoelectric constants were lower than ex-
pected, probably due to the low relative density of the specimen measured.

KEYWORDS: lead zinc niobate, p kite, pyrochlore, hot i: ic p ing, dielectric elec-
tromechanical coupling factors, piezoelectric constants

Uniaxial Stress Effect on the Superconductivity of Grain-Aligned
Composites of La;—,Sr,Cu0,
Yuichi Morol, Katsumi FusiMoto, Hiromoto UWE
and Tunetaro SAKUDO

Institute of Applied Physics, University of Tsukuba,
Tennoudai 1-1, Tsukuba, Ibaraki 305

The uniaxial stress effect on the ivity of grain-aligned samples of

La,_,Sr,CuO, prep bya“ ic-field-induced ali ’ method has been in-

d. The T, d with i ing uniaxial stress along the ‘‘c-axis”. The

result indicates that the in-plane O-O or Cu-O bond length should significantly affect
its superconductivity.

io:field-indizced

La,_,Sr,CuO,, uniaxial stress effect, sup ductivity,
i grain-aligned ite, bond length, Cu-O plane
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