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B Camo SIAION: Eu L7 £ 5 3w 7 AD e
Fabrication of Transparent and Fluorescent Ca-o SIAION: Eu?* Bulk
Ceramics

R, =il 95 MY IEE S B i

7

Ying Li, Takuma Takahashi, Masahiro Yokouchi, Junichi Tatami

1. IZC®IZ (Introduction)

The white light-emitting diodes (LEDs) have attracted increasing
attention as the new-generation light source in the recent years, which
can replace conventional incandescent and fluorescent lamps due to their
long lifetime, energy savings and positive environment effects [1, 2]. It
was reported that the first white LED, which was commercialized in
1996, mainly composed of a blue LED chip and a yellow phosphor
(Y1-Gda)3(Ali-sGan)Or2 :Ce® (YAG: Ce*) [1]. Currently as shown in
Fig. 1(a) [3], the most common approach for producing white LEDs has
been to use a broadband yellow-emitting powder phosphor dispersed in
epoxy resin with a blue LED chip, where YAG: Ce** yellow phosphor
has been used in industry for general lighting [4—6]. In this kind of
device, phosphors usually play a pivotal role because they down-convert
the blue light from p-n chip to generate a whitish light. However, for
high power LEDs lights we know that a large amount of heat (almost 70%
of lighting energy) is produced in the process of luminescence, which
results in the thermal degradation of resin. Over time the LEDs will
become invalid gradually, such as degradation of luminous intensity and
change of emission color. Therefore, a new kind of resin-free bulk
ceramic plate phosphor is demanded in the high-power LEDs instead of
the conventional powder phosphors as shown in Fig. 1(b). It is known
that compared to the structure of powder phosphors dispersed in resin,
the appropriate ceramic plate phosphor has many advantages, such as
high mechanical properties and excellent temperature resistance, which
can dramatically improve the service life of LEDs. Therefore, finding
out a bulk ceramic that meets the phosphor’s requirements: transparency,
yellow light emission and high fluorescence intensity, is the key to solve
the existing problem.

Competitive to the commercial YAG: Ce* yellow phosphors,
a-SIAION has been found to be excellent host lattices for Eu?* showing
yellow-orange light and high luminescence efficiency [7—12]. As well
known, o-SiAION is a solid solution isostructural with o-SisNs,
stabilized by the interstitial dissolution of a cation (M), such as Li, Ca,
Mg, Y or some lanthanides [12, 13]. Its general formula can be given as
M;Sit2-minAlmnOnNis— (X = miv, X and v are the solubility and valence
of the M ion, respectively) in which (m+n) Si-N bonds are replaced by
m AN and n AI-O bonds. Based on the strong covalent bonds of (Si,
AN, O), a-SIAION has been used as a promising engineering
ceramic material as well as o-SisN4 and has superior mechanical
properties, chemical inertness, and thermal shock resistance [14].
Moreover, o-SIAION has also been discovered as a promising host
material for RE-doped phosphors (such as Eu?*, Ce®*, Sm®*, Nd®*, Yb*,
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Fig.1 (a) Schematic of a white LED with a conventional ceramic
ye| |ow powder phosphor; (b) Schematic of a new type of white
LED using a transparent fluorescent ceramic phosphor plate.

Dy**, Tb® and Yb?) over conventional oxide phosphors due to their
excellent mechanical properties and good fluorescence properties, such
as visible light excitation, narrow half width, high durability, and a good
temperature dependence for the emission intensity [7—13, 15-17].

Among these RE-doped o-SiAION phosphors, a series of intense
research on a-SiAION: Eu?* yellow phosphor has been carried out [8-
12]. Xie et al. [10] developed a yellow Eu?*-doped Ca-a-SiAION
phosphor with the formula (CaxEuy)Siz2-2x3yAlx+3yOyNisy (X = 0.2-2.2, y
= 0-0.25) from the starting powders of 0-SisNa, AIN, CasN2 and Eu203
by gas-pressure sintering at 1800 °C for 2 h under 10 atm of N2. The
absorption edge shifted to longer wavelength with increasing Eu®*
concentration, resulting in changes in color from light yellow to orange.
Xie et al. [11] also prepared a yellow Ca-o-SiAION: Eu?* phosphor with
compositions of CaoezsEuxSii075-3.0xAlL25+30¢O010MN16-10x (X = 0-0.25 )
by gas-pressure sintering at 1800°C for 2 h under 0.925 MPa Nq,
showing a single intense broadband emission at 583-603 nm. Michalik
and Pawlik et al. [12] synthesized a series of phosphor powders about
Cam2y<EUSi~mrnAlmmnOnNi6n (M = 1.6, n = 0.8, x in the range of 0—
0.08) in flowing nitrogen in a carbon resistant furnace and reported that
the emission peak position shifted toward longer wavelengths with
rising Eu* concentration from 565 nm (0.1 mol % Eu?*) to 585 nm (10
mol % Eu®).

The objective of this research is to fabricate transparent and
fluorescent Ca-o-SiAION: Eu?* yellow phosphor plate. In order to
achieve good properties (high transparency, high luminescent properties
and so on) of Ca-a-SiAION: Eu?* bulk ceramics, scattering sources such
as pores, grain boundaries and other defects should be removed as much
as possible. Therefore, the preparation processing firstly should be
optimized. For instance, cyclic high-pressure cold isostatic pressing
(CIP) and hot isostatic pressing (HIP) before and after gas pressure
sintering (GPS) were applied to improve packing structure of powder
compact and achieve higher densification. Another is to use much finer
raw powders with more uniform particle size distributions, which are
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expected to improve the sinterability of Ca-o-SIAION: Eu?* ceramics.
Ball milling was usually used to mix and grind ceramics powders, while
bead milling is a well-known technique to pulverize ceramic powders to
the size ranged from nanometer to sub-micron and to disperse
nanoparticles using a fine grinding medium (<1 mm), which has been
used in TiOz, ZrO,, CNT-dispersed SisNsand SisNs powders [18-21].
However, there is no research about preparation of Ca-a-SIAION: Eu?*
ceramics using bead-milled raw powders. About bead-milling, we will
investigate it systematically in the near future.

In this study, ball-milled raw powders of SisNs, AIN, CaCOs and
Eu203 were used to fabricate Ca-o-SIAION: Eu?* ceramics with a
composition of Euo1CaogSisAl:O1N1s by gas-pressure sintering (GPS)
and hot isostatically pressing (HIP). The effects of preparation
parameters (such as CIP pressure, the numbers of CIP replication and
sintering temperatures) on the phase purity, microstructure, relative
densities, optical and luminescent properties of Ca-o-SIAION: Eu?*
were investigated in detail.

2. 5EE® (Experimental procedure)

Ca-0-SIAION: Eu?* with compositions of Euo1CaosSisAlzO1N1s
were synthesized from the starting powders of SisN4(SN-E10, Ube Co.,
Ltd., Japan), AIN (H grade, Tokuyama Co., Japan), CaCOz (Particle
size: 100 nm, Shiraishi Central Laboratories Co., Ltd., Japan) and Eu203
(Shinetsu ~ Chemical Co., Japan). The composition of
Euo1CansSisAlsO1N1s was selected in this study to investigate because
with increasing the contents of Ca ion in the M (Ca and Eu) ions of
a-SIAION from 0 to 0.9, the external quantum efficiency (EQE) of
Eu1«CaxSieAlsO1N1s increased from 14.8% to 38.4% as shown in Table.
1. The four kinds of raw powders were ball-milled using SisN4 balls as
mixing media (@5 mm; the weighting ratio of balls to powders: 3: 1) ata
speed of 110 rpm in a polyethylene bottle with an added dispersant
(Celuna E-503, Chukyo Yushi Co., Ltd, Japan) in ethanol for 48 h. In
order to make granules, 4 mass% paraffin (melting point: 46-48 °C;
Junsei Chemical Co., Japan), 2 mass% dioctyl phthalate (DOP, Wako
Pure Chemical Industries Ltd., Japan) and 3.5 ml/g cyclohexane (S
grade, Wako Pure Chemical Industries Ltd., Japan) were added to these
mixed powders as binder and lubricant, respectively. After that, the
powder mixture was obtained by sieving using a 250-um-mesh nylon
sieve.

The sieved powder mixture was then molded into cylindrical pellets
at the size of @15 x 2 mm by uniaxial pressing at a pressure of 50 MPa
for 30 s. Following, the pellets were isostatically cold pressed at pressure
range of 200-1000 MPa for 60 s and then the process was repeated to
1-10 times using an ultra-high pressure CIP machine (Dr. CHEF, Highest
pressure: 1000 MPa, Kobe Steel, Ltd., Japan). After binder burnout in air
at 833 K for 3 h, the green bodies were fired at 1823-1923 K in 0.9 MPa
N2 atmosphere for 2-4 h using a gas pressure sintering furnace (GPS,
Himulti 5000, Fujidenpa Kogyo Co., Japan). The sintered bodies were
then hot isostatically pressed at 1873 K (according to the GPS
temperature) for 1 h under 100 MPa mixed atmosphere of Ar and N2.

The density of green bodies and sintered bodies was measured by
weight-volume method and Archimedes method, respectively. The
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phase present was examined by X-ray diffraction (XRD; 6-26, CuKg;
RINT2000, Rigaku Co., Japan). All the samples were cut and
mirror-polished for two sides and the final size was 6.5 mm x 6.5 mm x
0.1 mm in thickness. The images of appearance were photographed at
visible light. The internal structures of green compact by CIP and
sintered bodies after HIP were observed by infrared microscope
(MX63/MX63L microscope system of Olympus and Light source:
LA-100 IR, Hayashi-Repic Co., LTD.) The fracture surface of green
compact and sintered bodies prepared at different CIP pressures were
observed by SEM (JXA 8100, JEOL). The in-line transmittance, total
transmittance, and reflection spectra of the prepared samples over the
wavelength range from 200 to 800 nm were evaluated by a
UV-VIS-NIR spectrophotometer (UV-3100PC, Shimadazu Co., Ltd.,
Japan). The absorption spectra were calculated by the following
Equation 1:
Absorption (%) =100% - total transmittance - reflection (0]

A fluorescence spectrometer (QE-2000, Otsuka Electronics Co., Ltd.,
Japan) was used to test the emission and excitation spectra and the
quantum efficiency.

3. #ERLEZ (Results and discussion)

Figure 2 shows the effect of CIP pressure (200-1000 MPa) on the
XRD patterns of Ca-o-SiAION: Eu?* sintered by GPS at 1873 K for 4 h
and by HIP at 1873 K for 1 h. With increasing the CIP pressure from
200 to 1000 MPa as shown in Fig. 2(a)-(d), no phase transformation and
no secondary phase formation were observed and only peaks of
a-SIAION were identified after sintering. These suggested that
Ca-0-SIAION: Eu?* with compositions of Euo1CaogSisAlsO1N1s were
successfully prepared in this study. Xie. et al. [9] prepared Eu?*-doped

Table 1 External quantum efficiency (EQE) of Eui_Ca,SigAl:0Nis (x

= 0-1).
Ca content (x) 0 0.225 045 09
EQE 148% 244% 32.9% 384%
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Fig.2 XRD patterns of Ca—a—SiAION: Eu? ceramics sintered at
1873 K by GPS and HIP, where before sintering the green
body was prepared at different CIP pressure of 200 MPa (a),
500 MPa (b), 800 MPa (c) and 1000 MPa (d).



Ca-o-SIAION  powder phosphors with the composition of
Cans25EUsSio75-3xAlL25:3x0xN16-x (Ca-0-SIAION: Eu, x = 0-0.25) and
the XRD pattern showed the samples had the single-phase crystal
structure of a-SIAION (see JCPDS card No. 33-0261), which was
similar with our results.

Figure 3 shows the effect of CIP pressure on the relative densities
of green compacts and sintered bodies of Ca-a-SiAION: Eu?. For
comparison, the relative densities of sintered bodies at different GPS
temperature and holding time were also included. The theoretical
density of Euo1CaosSisAlsO1N1s was 3.2852 glem? calculated by the
unit cell parameters from the XRD pattern. With increasing the CIP
pressure from 200 to 1000 MPa, the relative density of green compacts
prepared by CIP increased from 58% to 68%. Corresponding with this,
the relative density of Ca-o-SiAION: Eu?* after sintering by GPS for 4 h
and post-HIP for 1 h at 1873 K increased from 86% to 93% and from 88%
to 98%, respectively. With increasing the GPS sintering temperature
from 1823 to 1873 K and elongating the holding time from 2 to 4 h, the
relative density also increased by 7% and 1%, respectively. This
indicated for the density the sintering temperature is more important
factor than the holding time. As shown in the insert appearance images
of the sintered body after HIP photographed at visible light, the samples
in Fig. 3(a) and (b) were yellow but not transparent because the relative
density was below 90% even after post-HIP. While, the samples in Fig.
3(c) and (d) with high relative densities above 98% were transparent
with yellow color.

Figure 4 depicts the effect of the number of CIP replications at
1000 MPa on the relative densities of green and sintered bodies of
Ca-a-SiAION: Eu?*. The effect of different GPS sintering temperatures
of 1873-1923 K on the relative densities was also shown for comparison.
Similar to the effect of GPS sintering temperature on the relative density
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Fig. 3 Relationship between CIP pressure and relative density
of compact/ceramics of Ca—a-SiAION: Eu®, where the
insert photograph is bulk ceramics sintered by GPS and
HIP at 1873 K for 4 h and 1 hwith different CIP pressure
of (a) 200, (b) 500, (c) 800 and (d) 1000 MPa.
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in Fig. 3, the higher GPS temperature, the higher relative densities.
However, above 1898 K, no change in the relative density was observed
with increasing sintering temperature. Compared with the effect of CIP
pressure on the relative density in Fig. 3, the number of CIP replications
had little influence on the relative density. With increasing the number of
CIP replications from 1 to 10, the relative density slightly increased from
65% to 68%, from 91% to 93% after CIP and GPS at 1873 K,
respectively. Moreover, the relative density almost kept constant at 98%
after HIP at different numbers of CIP replications and at different GPS
sintering temperature. As shown in the insert appearance images of the
sintered body after HIP, all the samples in Fig. 4(a)-(d) were transparent
with yellow color at different numbers of CIP replications of 1-10.
Generally, the fully densified samples with transparency and yellow
color were successfully prepared at a CIP pressure of 800-1000MPa
where the CIP process repeated 1 to 10 times and sintered by GPS at
1873 K for 4 h and then by post-HIP at 1873 K for 1 h. Post-HIP is
necessary for increasing the relative densities.

Figure 5 shows the internal structures (() and (b)) and fracture
surface ((c) and (d)) of the green body of Ca-a-SIAION: Eu?*prepared
by CIP at 200 MPa ((a) and (c)) and 1000 MPa ((b) and (d)) repeated 10
times, respectively. In the internal structure (Fig. 5 (a)) at 200 MPa (58%
of relative density), a lot of small black pores were dispersed in the grain
or grain boundary. While at 2000 MPa (Fig. 5(b)), the relative density
increased up to 68%, and the internal structure showed less pores and
more homogeneous as well as the grain size became smaller than the
green body of Ca-a-SiAION: Eu?*at 200 MPa. Corresponding to the
internal structures, small pores were clearly observed at the grain
boundary of fracture surface and the grain size of green body at 200
MPa was about 1 pm (Fig. 5(c)). While at 2000 MPa (Fig. 5(d)), less
pores and smaller grain size (below 0.7 pm) were observed.
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Fig.5 Internal structures (Fig. 5(@) and (b)) and fracture
surface (Fig. 5() and (d)) of the green body of
Ca—a-SiAION: Eu*prepared by CIP at 200 MPa (Fig. 5(a) and

(c)) and 1000 MPa (Fig. 5(b) and (d)) repeated 10 times.
(5%, grest ke T8

caa o R

Fig. 6 Internal structures of Ca-a—SiAION: Eu? sintered body
after HIP at different CIP pressure of 200 (a), 500 (b),
800 (c) and 1000 MPa (d).
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Fig. 7 SEM images of fracture surfaces of Ca—a-SiAION: Eu®
sintered body after HIP at different CIP pressure of 200
(@), 500 (b), 800 (c) and 1000 MPa (d).
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Figure 6 shows the internal structures of Ca-o-SIAION: Eu®*
sintered body after HIP at different CIP pressure of 200 (a), 500 (b), 800
() and 1000 MPa (d), respectively. When the CIP pressure was less than
500 MPa as shown in Fig. 6(a) and (b), a lot of small black pores were
observed in the internal structures, which are the main reason for the low
transparency with relative density below 90% as shown in the insert Fig.
3 (@) and (b). While with increasing the CIP pressure to 800 and 1000
MPa (Fig. 6(c) and (d)), pores were almost not observed, and the
sintered body was almost fully densified with high relative density of 98%
and was transparent as shown in the insert Fig. 3(c) and (d). With
increasing the CIP pressure, the shape of pores changed from circle to
line gradually, indicating that the CIP pressure had great influence on the
densification of Ca-a-SiAION: Eu?*sintered bodies.

Figure 7 shows the SEM images of fracture surfaces of
Ca-a-SiAION: Eu?*sintered body after HIP at different CIP pressure of
200 (a), 500 (b), 800 (c) and 1000 MPa (d), respectively. When the CIP
pressure was 200 MPa in Fig.7 (a), lots of pores in size of 2-3 pm were
observed. With increasing the CIP pressure to 500 MPa (Fig.7 (b)), the
number of pores slightly decreased, and the size of pores decreased into
1-2 um. With further increasing the CIP pressure to 800 and 1000 MPa
(Fig. 7(c) and (d)), the microstructures were more homogeneous where
pores were almost not observed, and the grain size dramatically
decreased. Moreover, the fracture mode was mainly transgranular.

Figure 8 depicts the in-line transmittance at the wavelength of
200-800 nm of Ca-a-SiAION: Eu?* sintered body after HIP prepared at
CIP pressure of 200-1000 MPa repeated for 10 times and at number of
CIP replications of 1-10 when loaded at CIP pressure of 1000 MPa,
respectively. For the samples at CIP pressure of 200 and 500 MP&a, the
transmittance was close to 0. For other transparent samples, the
transmittance almost linearly increased from 2% to 33% with the
wavelength increased from 490 nm to 800 nm. If the samples were fully
densified, the CIP processing parameters did not have great influence on
the in-line transmittance. Considering the measurement error, the effect
of CIP processing parameters on the in-line transmittance can be
negligible ;%r the fully densified samples.
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Fig. 8 In-line transmittance at the wavelength of 200-800 nm of

Ca—a-SiAION: Eu* sintered body after HIP prepared at CIP
pressure of 200-1000 MPa repeated for 10 times and at
number of CIP replications of 1-10 when loaded at CIP
pressure of 1000 MPa.



Figures. 9-11 depict the total transmittance, reflection spectra and
absorption spectra at the wavelength of 200-800 nm of Ca-a-SiAION:
Eu?* sintered body after HIP at CIP pressure of 200-1000 MPa repeated
for 10 times and at number of CIP replications of 1-10 when loaded at
CIP pressure of 1000 MPa, respectively. At CIP pressure of 200 and 500
MPa, the sintered body was not fully densified with relative density
below 90%, therefore there are lots of pores which are the main
scattering sources for low transparency. In Fig. 9, the total transmittance
of samples at 200 and 500 MPa was low which increased from 0 to 7%
and 12% when the wavelength increased from 500 to 800 nm,
respectively. Because of the open pores in the surface, the reflection of
samples at 200 and 500 MPa in Fig. 10 was very high and increased
from 30% to 58% and from 32% to 61% with increasing the
wavelength from 400 nm to 800 nm. Therefore, the absorption of
samples at 200 and 500 MPa in Fig. 11 decreased from 60% to 40% and
30% with increasing the wavelength from 400 nm to 800 nm,
respectively. Because the relative density at 500 MPa is higher than that
at 200 MPa, the total transmittance at 500 MPa is higher than that at 200
MPa. Because the number of open pores at 500 MPa in the surface is
more than that at 200 MPa, the reflection at 500 MPa is higher than that
at 200 MPa. Then the absorption at 500 MPa is lower than that at 200
MPa. While for the transparent samples, with increasing the CIP
pressure from 800 to 1000 MPa and decreasing the number of CIP
replications from 10 to 1, because of the slightly increasing of relative
density in Fig. 3 and Fig. 4, the total transmittance in Fig. 9 gradually
increased, where the highest value increased from 35% to 67% with
increasing the wavelength from 500 to 800 nm. In Fig. 10, with
increasing the CIP pressure from 800 to 1000 MPa and decreasing the
number of CIP replications from 10 to 1, the reflection also increased
because of the increasing of the number of open pores in the surface.
The reflection increased from 35% to 45% with increasing the
wavelength from 350 nm to 590 nm and further decreased to 40% with
increasing the wavelength to 800 nm. Then, with increasing the CIP
pressure from 800 to 1000 MPa and decreasing the number of CIP
replications from 10 to 1 in Fig. 11, the absorption gradually decreased.
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Fig.9 Total transmittance at the wavelength of 200-800 rm of
Ca—a-SiAION: Eu? after HIP prepared at CIP pressure of 200-1000
MPa repeated for 10 times and at number of GIP replications of
1-10 when loaded at CIP pressure of 1000 MPa.
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Fig. 10 Reflection spectra at the wavelength of 200-800 nm of
Ca—-SiAION: Eu? after HIP prepared at CIP pressure of
200-1000 MPa repeated for 10 times and at number of CIP
replications of 1-10 when loaded at CIP pressure of 1000 MPa.
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Fig. 11 Absorption spectra at the wavelength of 200-800 nm of

Ca-a-SiAION: Eu? after HIP prepared at CIP pressure of
200-1000 MPa repeated for 10 times and at number of CIP
replications of 1-10 when loaded at CIP pressure of 1000 MPa.
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Fig. 12 Emission spectra emitted by the blue light at wavelength

of 455 nm of Ca-a-SiAION: Eu? after HIP at CIP pressure of
200-1000 MPa repeated for 10 times and at number of CIP
replications of 1-10 when loaded at CIP pressure of 1000 MPa.
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Table 2 The internal quantum efficiency (IQE) of Ca-a-SiAION: Eu?
sintered body after HIP.

Samples
Internal quantum
CIP pressure Number of CIP efficiency; IQE (%)
(MPa) replications

200 10 250%
500 10 283%
800 10 36.0%
1000 10 41.1%
1000 7 40.3%
1000 4 415%
1000 1 47.7%

Figure 12 shows the emission spectra emitted by the blue light at
wavelength of 455 nm of Ca-a-SIAION: Eu?* sintered body after HIP at
CIP pressure of 200-1000 MPa repeated for 10 times and at number of
CIP replications of 1-10 when loaded at CIP pressure of 1000 MPa,
respectively. The yellow light at wavelength of 585 nm was emitted by
the blue light at wavelength of 455 nm. With increasing the CIP pressure
from 200 to 1000 MPa and decreasing the number of CIP replications
from 10 to 1, the intensity of emission spectra increased, and the peak
position kept no change at 585 nm. Table 2 shows the internal quantum
efficiency of Ca-a-SiAION: Eu®* sintered body after HIP. The IQE of
transparent samples was above 40% at 455 nm. These indicated that
Ca-0-SiAION: Eu?*were successfully prepared for yellow phosphors.

4. #5/  (Sumary)

A single a-SIAION phase was identified at the composition of
Euo1CaogSisAlzO1N1s. The relative density of Ca-a-SiAION: Eu?* green
compact was improved up to 68% by applying CIP over 800 MPa
repeated 10 times and achieved over 98% after post-HIP sintering. With
increasing CIP pressure from 200 MPa to 1000 MPa, the numbers and
the size of pores in the microstructure decreased and the shape of pores
changed from circle to line gradually. At the same time, the
microstructure became more homogeneous with smaller grain size with
increasing the CIP pressure. The in-line transmittance of Ca-o-SiAION:
Eu?* was up to 30% in the visible range. For transparent Ca-a-SiAION:
Eu?*, with increasing the CIP pressure from 800 to 1000 MPa and
decreasing the number of CIP replications from 10 to 1, the total
transmittance increased, the reflection also increased, therefore the
absorption gradually decreased at the wavelength of 500-800 nm. The
yellow light at wavelength of 585 nm was emitted by the blue light at
wavelength of 455 nm. With increasing the CIP pressure from 200 to
1000 MPa and decreasing the number of CIP replications from 10 to 1,
the intensity of emission spectra increased, and the peak position kept no
change at 585 nm. The internal quantum efficiency of transparent
Ca-a-SIAION: Eu?* was above 40% at 455 nm, which is promising
served as yellow phosphor plate in the white LED.
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SHEDOEE  (Research in the future)

In order to obtain better properties, such as higher transparency and
higher luminescent properties of Ca-o-SIAION: Eu?* bulk ceramics,
much finer raw powders with more uniform particle size distributions
should be used. Ball milling was usually used to mix and grind ceramics
powders, while bead milling is a well-known technique to pulverize
ceramic powders to the size ranged from nanometer to sub-micron and
to disperse nanoparticles using a fine grinding medium (<1 mm).
However, there is no research about preparation of Ca-o-SIAION: Eu?*
ceramics using bead-milled raw powders. Therefore, the bead milled
raw powders mixture would be carried out to synthesize Ca-a-SiAION:
Eu?* ceramics at lower GPS sintering temperature, compared with those
using the ball-milled raw powders.

Then, using the N-rich powders (EuN and CasNy) in a glove box
replacing of Eu203 and CaCOs to reduce the oxygen contents in the
starting powders would change the color of transparent sample, which is
interesting and necessary for the future study.
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72, E)TH v F L AR—DEEF M A KIRT, WTho

RER S M S IXTRE IR BT D ATREMEN S D K& 72
9_\)5@ @ffll)‘ &)Bhfoczj\of;o

2.2 LNKNES I VY RDAYRT— LAY
%
~A 7 F U= OHITRBRIE, T A RA
> v 4% — (Bruker: Tl premier) T{7-o7z, i alL, &
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Sample No. QD @ B3 @
Displacement [um] 0.70 0.64 0.81 2.04
Load [uN] 131 729 70.3 140
Max stress [GPa] 3.84 1.29 0.75 1.57
Young’s modulus  [GPa] 254 86.6 52.0 26.9
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WZBI LT, BB A (2)7) 86.6GPa. 3Bk F(3)7 52.0GPa &
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%R MR AVIEICK L CEMMEZ R T 720 REIICIE
FEFICUAEICR T 2R THIN. BT I v I X%
1L IEFIZE < OWELRE & T AREIREHI R LT
IEAERP BB TR,

SS-OCT i, BEICEZEFIH DT LT D X R CT 0
IR BMEE 2 & OIFEEBLERIN I X ViR 2 RN
bd, RERFEO—DIX, BIEHE THDH, SS-OCT D
BIEEEE X, SEIROFFIEE L BlEEMoRE S, 22H
IFRRETCIRE D, BUIR, TIRERICHE R STV DD
REIEE T 20—100 kHz T, ZHAUFES FHAF ¥
(A-scan) 23R 2—10 JEIfTHOND Z LT/ %, A-scan
ZACET N0 R U CW g B & S5 % B-scan &
1X, A-scan B LR A L REL 2 2 & Tx 5, i
ZAE. 20 KHz SIRT/ARFES T 1 mm O#iHZ 200 43%]
(B-scan JFIA) DAy fiFREIT 5 pm/pixel) L CEIZT 5B E.
B-scan ® 7 L — A L— [E 100 fps TH D, Thabb, ¥
TAL— M LOEERTHIEBEE RS TE, VT XA L
2D BIENHEETH D, I HIZ, BITEXFH MO B-scan %
ML (=1 mmé O#LEZER) LU, 3D HFROBIEFIC
T LML T2 10s THDH, I HIT SS-OCT ik, HF
WIS L VIR E R U R MO 0B ERET D
T Enn, FHENS OB ETFTERNICRE Ly, T72b

87

[SL RSN 2Ca 0N

L, MR TOER LB Lan=d, FENG—EB L%
DOBBENFHETH D, ~— FEH T, K2R LD T
n—T7HNRERET A AT 0L HIZEY A LAAEE
(FHFEBER L TV IR T 7 4 S—DE S OFEN) T
BHDI, AEMEICEND, o, BEEOBRS IR
NRYarTy 7 B CTEAREORE I LERERDT,
RS LV, 29 LIZRER D, SS-OCT iE T ERIF
OB e & O RFEER L oS b E < ARG D
WIRE THEA BB TOART » FBISNHEBTE 5,
LU LSS Fix 13 SS-OCT 3t T 3 v 7 2 ik~
0 AT 2 A A E GO A BGRR 2R U B
DT 4 — Ry 712K D07 v A& B
HRER—BNT VG B 202, & 2 CTARMIETIL, SS-
OCT % Jiifi & U 7= NEEE D IEMERILE - FHlis A7 A
ZRAFE L, &7 v A TR 2 5 N S A B R 2 A
LNETHLERAME LTZ, ARTIEZET,. OCT OF
FMEERRGES 2 720 O R & LT, BERAR P ok
K i & TR R B 00 SR B SR & R ~ D BBRIZ oW
THlRB, I, BIOEIERE LT, 2T U —hONEREE
AR & | G, BERL A ORI O NS ZE (Ll e
BRI THRRD, &2, LV EERERERGT 5
7o 3D HEE LB OBIZR L LT, FABGHC &
B AT Y —h Ok HEAREE DAL, —flInE T OFEkIkE
K@ DOZERBREDELIZ DN TR~ D,

2. SS—OCTEREMHE

AP CTH = SS-OCT ZEiE  (1IVS-2000WR,  santec ££
REHR) OF AR 11RT, elh5m oo fEhex
HIROHOHEE L ERSIIE, BB O BRIV ikESh
%, MANITIH OGRS RO LR & Lo X0 AR
BELBARE N DIESND, K LITRT L OIT, AF%ET
FIV 7= SS-OCT 2 1%, WL s um A4 — & — D & 5 fifhe
Thbd, o, SROFBIEEE S 20 kHz & &HETH D
72, WEEED U 7V 2 A A 2D BlE2<omH 3D #lgEn

&1 SS-0CT REDE Lk
Center wavelength / nm 1300
Sweep width / nm 170
A-scan rate / kHz 20
Axial resolution (n=1) / pm 44
Lateral resolution / pm 9
Scanning range / mm 20x20
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e
E¢ 0CT RE& () £ ERNIERD 0CT & (B) DLLE.

Depth (A-scan) duecnou

FEIARITERT DEROBEEIEO—H. &
IDERDERDEESEMNRIKICIENBIZDON, NEIIZE
EOEVEENHIET 5.

AIRET B D,

&2

512,

3. ER#ER
1 EHIERE
1. 1 AP OB R R & KRG
LIZ ERIR D — R b7 25 LA & L CHsn L /RS
L7= ALOs BERS IR CEIZR S 7R & )51 (A-scan J7[a]) 12
Bt E b oE S 2 E T OCT Flg (£) & mifgsis
D OCTH#: () %#~9, ARRO@Y | OCT #l£ Cidalet
WCINTET D EITEN R 5 Rl CoH 2R T 5, K
[ TR ORI E S IRER SN LA EH L,
JRITRENRKE VREPIFELTND Z L ERET 5, 2
RIZE BT 5 &, %< ONET 2 MR E e
ZRHTETWD Z L BNEEMICEMTE 5, )7, OCT

3.
3.

SRS TR O OCT 4 L D & REIC R Z 5,

THIE, ARy TR E — o LIEEN B {E B R O T
W DRLR A X TH Y BB FRITEHN D, 722 L

NI IS 2 BRI SR L7212 B Clde iz | 81353
< EERNCEREER eV (=SS T H A b
LR =V P—ET D) EVIFRENH D, LTR - T,
Image J ZEDOEBIIEY 7 b7 = TIZL Y Ay 7 L R%F
— U ERIBICIERT 2 2 SIXFHETH D, HELEE D
OCT Bk, JRIBIZx L T LOEE 2 N T X Ml
EITol2bDTH LN AFHOHEFBMHITKRIEICH L LT
WD ZENGD DK 2 1%, BBLEZD OCT B D H 5,

RS AN e B LA R — DR T 2 LR E
RLEERTH D, HLEBIZAEIET D 5RO m O EIR (S
DEAR) DEESNEEEZ DICONTERIRICIAR D & &
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BRA—ARMFEEARE LTHM U TER L= ALO: Befs A THRE S W =R E A (A-scan ) ITEHEE L DIES %
BEOSVERIIBFEENKEVRENFET S LETRT 5.

H3 R—0&HREMRE A—DOR 77—/ THELE-WRESARICER LT
ERANIER D 0CT & & B) FBBE— FOEFRIMREMESR COBF
(D) X #% CT £

REAY

H 1T, F DOPIHNTHREE DRWFEEA HBL L TS BEF AR
R To WEEE DIRWREIRIE, SRR 2 G 2N FF(E L
m\* L ETRET D, AlOs BERE R CHE S D650
RYPE W&, R R R & R & ER
ﬁxfoca“xﬂw%f’”k WOl RIMETHDEMR K2 DX 57T
REZEAL O AIE R T L 2880 B 7 DO U 20 A
&R < BB BB T ZEiRE & b D KR R K 9
LEBEZLND, T T, RO EEHLMNZIT A0
(2 BEIC BRI ST U 72 LT b BT RIMRBEI SR D5
WE— N, BEERBEME. X CT 2T, Rl—ofEiK
BB LT, FORBEEM 3R T, AR T
TEERBHS 2 b OB A M LT D728 B DRV
TS AEL T B BRI S Th B, EBH WK
PAREEIR I, BB R B BRS U 7 B35 1 0 SO % F i
LCWB 7z, JRIFE & BN Bre B R E & A LT
Do X1 CT 51T X BRI EZEZ v {bT 272D, BED
IRWEIR IR T 2 &L 5 BN FE L RN & E2RT,
O LB 28R BOMIRE R LR, OCT % T
G R EREE (L Z R LIZEE (K3, VROAT~Y—7)
. WL B ERR KRG (RIL) O TORE & NFTO
BWIZENT D Z ERH LN E o7z,

4 0%, SEERHT CRREEIR & 72 0 15 D80 VR e & A TR
N L7z AROs ERE IR CRIZE S iz (A) ERIR K & (B)
HR KD OCT g L. X3 2R —Wimd X # CT BT
bb, K1-3 1%, ARHFRLBIE L OCTRTHDLD

R LT, X4 XA IS EE 72 J7 M (C-scan J5TH])
LRI OCTHBTH S, K4 (A) ITRT LT, ABtok
@25 0.74mm, SRERHND 0.67 mm B/ AEIlC T2 @



— 0.1 mm

<+— A-scan

g
&
<
=
<

— 0.1 mm

1.15 mm

B 4 AlQ; BEEEAIZNET S (A BRIR R & B) mRRMRD
0CT & & LLEC DR —ME D X #% CT 1%

80 200 pm

5 3D AIRAE L 1= ALLQ; BEREIRICIRTE S S BRIR R ZE.

FRIOFEENR BN, BT (C-scan J7H]) ~Oifk
PEEMER L& 2 A, K LIZEE L BER (Z0hE
HERRTIEZR< T2y oF ) RSz, ZiucstL
T, X CTICLAEENSHI32 LA CEMMEIZERR
RIGHBFAET 2 2 & DR S LTz, B oo Uit Cid st
OB AEL D, Thbb, AFFIE REE Ok
TN 180°ICIE3<IEE T —T il - TL D
EIXR T T 5720, AFMEET2Bmcix T2 oF
BMELTHREESREEEBEZOND, 7, X4 (B) TIX,
HEtoFRmA S L.15mm, SaElH 5 0.51 mm B 727 E 2
BARDESNR NI, 7 Z THR—WmEO X # CT 4%kt
B U7, TR OMFAET 5 2 & MR S vz, Rk
FTRE T, ERAICRHME U740 SS-OCT &2 X 51§
ERIFBEERRIC LD ST, 1 mm &t 2 5 O K
HRIHTETVWDRTHY  NEEEOBELIRREIC L - T
I, DR OBEENHIHFTE L LB LND,

X5 1%, ERIRRMEZ G e ALOs BEfS{AD OCT JREi# I
S LC, B © BB b L7 AL Y 1 R A

89

Loading
C-scan

i
—
1.5mm

553 MPa_Ji

B 6 OCT#REZE Tt = Al 0 iR D5 IsREAIIZRET
SRR EFRARE.

T HEFAREZRLEZEARMO OCT &&= minlf5H
ERIZDWED SEM R D L.

MALI-BICHESE L 3D 14 CH D, 3D BT oEERD
X BT — N —DE Y FEEOEKROER TIEEl L2k
SERIEL TS, M4 ORLEX I, ATHICEAL
T2ERR KB RR T 2K 2] OFROEFEHHA
hoy TG EREOE B T2 e KE SONENARY
SRR CE L, ZNHIRAREE TILL 24 LT
TFAELTVD Z 0D TR RO R EMHERHE T v &
ZUTER L TAE U2 TERIL TO WIS R B B |
WCHRT2EFEEX LN,

3. 1. 2 FHEEE~DERHM

5 £ TORENS, OCT B EDOEFORAE L FEEED
REEREEOERE (BRI KR & mk K iE) & 0BG
Ao E7roTe, 2T, RELZ FEMEERE~ L BT
AL HIRRICHREIR & 72 0 15 D MR KB A AN TAJICE AL
7o AlOs3RBR A A ER L | ff RIS ST 2 #iPA D5
BRI 2 SS-OCT THEMIERILE L MR KIMIER T 5 &
BZONDHEFEHE L, S 612, 2000 E LK,
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B 8 KRRSY—DFEIZHE D RTEINE & ERERBIE
(BAEHE 30 vol%h, SBHLF : Al0s 7EUE : K, 28K
Bl RUBDILRUBEEIHS ET HHRMA).

— 0.1 mm
B9 @FEASIMEL-RICESAMICERL-ERERNAT
DEBRRT ) —OREAEFEDIEKE

SCF £ TR O 1= VE D 53 ER A O B ARIREE 2 T L
7o TOREREIK 6 127 F, Tl S AR O HfKs#
FEIX 300 MPa 72~ 7=, & Z T, ARBR A & = st BRI
fEL7z & 2 A, 299 MPa D il iR E 2 S H i, OCT Bl

FAWT PR LT RARTREE L HERIS L < — B L7, 713,

AR TSR 27~ U7 LR R FfaD OCT 4 & = il 17 3k
% O OB E MR (SEM) BolkiiTth s, X
7 L0 . OCT 1 CHIEL SN T- R Ma & HERBRE ORB A D
T TR SRR O Pk LB IER I L < BE
LTWBZ Enbnd, U EORENS, OCT Bt
7 I v 7 ADIMIEREENE LTHHTHD Z L3y
LNk igoie,

3. 2 EIMERE
3. 2. 1 RS)—rhORPEEEL1BETE

TRIRO BB EIRORL D8 L2 AT U —iX, 4
TR DR 50 BT & W\ o 128 = L X — & FI
L7zpi T E ORI & T v 7 ABET 2 R
OWRENR EIZ R ERDBRRIE T B ADETH D, A
7 U — ORI R O AR I LR < RO
ENBI, TNEEENICGHE T UL, BESL A2
O — R & A BN S 7o S o O RRBRAIZ
ENTELAT YV —FORIT DI - BEE % HOTEIZHIH 5
DT ENAREE D, EZ T, FTEHARERDLAT IV —D
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B oD NS S 25 B R 12 DV T L OCT Bl 2 37,
8IZ.ATA RHTALIZWM T LIeAKRAT U —0DiE
B ONEIBIE (LR ZBBIE LR Ch 5, Tk
LR AMEILR D KD ISR B IR 2 BT R
TAY—%RE L, BREE L CTITo 72, BERmEITIENE
ATA RH T AOREIIR L CEERZBmcHD, 7.
HLEBRAE & 80 s F COMIMTIX, IRiE O m S HEFET
T L, ns THNE 72 o 72k 0 R i 13 FE b U 7o, AR5
BRCIEAT Y —OBEBE(LERE L TWRWA, 2D
AT Y —HN 0B CTH DRBERICIVERESR
ZLICERLTEY JHERGRICHY T2 B2 615,
72, 80s IR CIERE A —EIA L < Bz, Zid,
BRSPS AL L7 2 & T RAKFERKE L 2ol
O THD, SHITHIENEITT D & 965 B A THMERAK
DB S SBLAL FIE R RS2 5 AL U 7= i
VZHEWERR D3 8 DR T MBI ST, Z DI A D D K F
AOPERKZK QTR T, TRETORBPET/RLTE L
12, OCT {4 TIIPN A LEGE Z 25803 L 0 (55788
WE L RKEAE Z S FYEAER T D Sk B AME
<720 CEEILE BRE O G & GO O &K & A%
T B, K9IZRT L AT, IREICH A MR D REICE
HET, HEMRWERIROESNEBE SN, L,
AlOs A F U — DA ORI S NEE Tl L7- & &
Th HBOHHETHLHERTE I, U EOFR2 S 0CT
WCE Y EHOBARBEEBETE LI ENY Lo
T2o 72B. EZUEIROMENRFICEWERERIZ WX, A
EIRPTERN R B S ETRET DI, TV T OREMES
0. WEFH (FHY) BMEIT LR TH Y . REBRTO
FEEAICKRESHE LRI SN D,

3. 2. 2 HEEEPOBREAEOHNEELLEANEEE
it

g7 vt 2%, fE T 0 ACE LB THE4 2B
TUIM UL TG % BB L 2 E T2 59
PR EONEH E IR R 2O OMBETERTH D, L)
U, AELR IS S C SRS, £ LI HHY &8
PRI LT wivo & AT BUICIZE DS D 2 L2 b VB
FERNEHEEE TR S R2WEA) EEZ LN TE L,
Ll &V DT T TR NF Y AT 4 T DED
2. ZEOEHEM & ST RIBIESS, BV fiE CA Ce AR
FIMZHEH S I WRBIO TR 7: & it 2
52 EIERBICH SN TV b 0D IR Z 5T D
DO E WS HBOEROHME CIIREMOIHRTFT SN T
Whehote, £ ZCAMIETIX, SS-OCTHFEE A7
— [ RE e/ MR SUF | EEA (LD Y T Z A DREDTZD
DETFRIE, H A OT-HD FT-IR Z G b 7= 55
AT > AT A BHEE L B T O AR 0 NERREEZE (b oD
F T v Mg AR T,

10 i%. PVB /34 v & —% 10 wt% & Te kIR D LG
P OIEE(L & NESIBEE(LIRRREZ 4T v RBIE L,
11 (R T & D ICHEBEZLM S RIEE TOBEE TH
5, (A) 1ZHEYEL R HRETHOOCTHTH D, 200°C %



B-scan
‘ A

0s 26.2°C 0.0% 100s 207.8°C -0.2 %

TS

140s 274.5°C -1.1% 150s 291.2°C -3.4%

E e . | e —

290s 524.5°C -14 %

®10 PBNA U —BCHBADOBEERONEILERN
HEEELDFRF Y FERE.

330s 591.2°C -15.1%

A B CD E F

0
2 4 )
Py ]
@ 8
7
Z .12

T
_16 1 1
0 200 400 600

Temperature/ °C

11 OCT £RE2 & RIEFRIE L =il P DM ADEE L.

B-scan

— 0.5mm

A-scan

1600 °C

...... 1600°C"'5 min
12 BHEREARL D AL MAEERE (BIATORHEE
EIZEEA 1300 °C, FEAY1600 “C) L7I-RRADHEsEH

DHRELENEBEREDA RS U FEE.

Bz (B) ORERTIE, IMECHEEED BB RSB
AR NOIN 5 AL NN okt Rk S BRGR/: 1/ R¥ 1| PN =9 <X}
EAEBEC T, T O, BONREERDDIGE > T
-2 e, Ao T T a Y AN E L, IEERD
SR EREI L TWEEEZ BD, EHI2 270 °C i@l L
72 (C) OFERTIEL, BWEERD & & HITRBEDIL
TEAIIRIZRE S Aok BRI AEES (D) 290 °C FEAT
TIREFEEIBICEHNAE L D8 BINARZEAEZ » 72,
DX PRI T AR, R AEROBREO Y T
A A LBEIE R TH D, S HITIREN EH L, (B)
520°C %Mz 5 & B IRNER OIS SR E NS T L
TEIL L7728, (F) 590°C 22 2% & NHE D15 B FH
Vw2 ofe, Tiud, AHMORIKIZ X DRI EDOR
W& IREE ERIZ X BRI HETT U, WX D 52 3 ek
L7icleh Bz bnb, EEEAIL, 600°C 21 TKRT
Uiz, 728, ST HIET 20, AEEHICAE LT A1
FT-IR TR LTI 0 . EERA KIS L7RAs & B
FIIZ PVB OBMRNEIT L TV 2 E BN LT,

PlED X5z, BilgafEE AT ML TA D E. A

91

T D BN 2B D 5B A 5T T IR I BARE e s 28k
DEZ->TNDZ ENERMICH LN SN, 25 LT
HEE, 2N FE CREN AR BB RE coflE=
T — B RARMICEY RS K& R2—Bc2 b b0 L #]IfFT
X2,

3. 2. 3 BRPOEMEDINEL EREEE
Zit

B 7o AT BT I v I A=HEEH LI A A=Y
WD IR EETRTH D, PErGBIR 2 MR
Doz, ZE TEHEBRME THEMSE (TEM) & vz
J A — VORI OREE O BB 49, miRBREEER
TE BB A AW IChI R & RILBRE O£ D35#lEE ©
REMMTONTETD WS EARICRE S HETLHI Y
bR — VORGSO EEILIT I v IRy 7 ADEE
Th D, TOERDO—2L, @i F TORBEDCREN 0%
AL, BEUC L 2 EEN RS ERET 0, &
W) HIF 7R ERECH o 7o, ABFFETIX, SS-OCT #iE &
HERRAF & M B o T 5Tl S A 7 B B BR%E L Bk~ 72
oA 1 D FIE AR D BERE B D AMEZEAL & NEIE S L O #
BTN T 2 O Te T IMEHED (LD & mRE E 22 IR
Fa R E AR ATRE T A Z L 2 R L T& 72, AfS T
1L, ZFDOHTE &Y DITFBREWE D A SN FFIC
Wik %,

12 13, BERSIREEN R D ALOs ik ZiEE (BikT
DORERSREE L EE2S 1300°C, T/ 1600 °C) L7-piEik
DBERE R DN & NEREIE L b2 AT v REIZE L,
BHI B R K E Do FIREIC T A WS Th 5, FiRE
1% 100 °C/min & L7z, IR CTOWmGEZRYEL TS &,
F£9°1300°C ZBZ THEBMRIZKELER L, Th
1 EE OMRIRBEEE OB LICENT 5 ¢ E2 Db, X
HIZ 1600°CICHEIZET 2 &, BEPIHET 2 L RIFFICK Y
DR, IHIZ5mnfREFT 5L, KV IXTFEILEY IZ
Rolz, Ziud, THEOERERSEOBEINEZ 577
HEBEZBND, K12 OFERCRET XL, BEHER
ZHhbbd |, KEREBEZEVIRL TRE, BRETH
BT 52 &b AP LI Th D, £z, OCT
BT R IF 2 BRI S RN 3 5 BT O 0% E
BN T2 &3, BFEWE O IR S AR v K 72 LBk
B & Vo T RENEE T 2 v 7 AP B O mk el
LR ICE T 2 @ BB E 2 X5 FTEE
REMANELND O LWIHFTE D,

3. 3 FMEEL 3 DAIRIEIZ &K 5 4 RITEEM

3. 3. 1 BAMBHMIZLDRS)—FhDHF
EEREDNEIL

321 THAREZLIIT, ATV =13 TIvr AEEE
X % 5 BEILBEFIEEREO —>Th D, 16k, BITPREH
PERIESERE (LA A—H—) THROLNHIAT U —DLFn
O &R O B IR BRI BRI BRI D LB &
BT E 0, B AWM T CORTEAMEDERITT T
IRy I Aol FDd, FL LA r U—FED A
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Cone-plate of theometer

Slurry

Quartz plate { oot €

« 1000

©

&

= 100

=

o

g

= 10

g

= » o S e t—
7 1

1 10 100 1000

Shear rate / s!
13 FABSTICETERS ) —hDHTFEERERE
DELBIELRERE Lz LA o—HE.

100
90

80

._.
1A

70 =x < 10 pm

X < 100 pm

(A% WA

50 10° = x > 10 pm?

40

10 = x > 107 pm?

Volume fraction / vol%

30
20

SRR ER

0 10 20 30 40
Shear rate / s'!

14 HAMEEDLRICHS KEGHMFESHEDRER
DHFDEEFRIE.

F U —THHRBRICERENE U kB T & D BERE A
DORERECIE MR T3 22 CFOMBENE L TV, £ 2
TARMZETIL, SS-OCT DIRFZE[RIY 75 A fRae A2 15 7> L 72
AT U —ONEEEELE VA a U — RO [EIRRE I
EBANT U RBIE L KEOE AWHEE To 3D HiEFE
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WMOBHHC XL 2 4 RotF-li 247 9 Z & T HEAME ik
VT DR TEE ORGSR TR D FERE DRI 2 R A 1=, 3T S
AT AL, SS-OCTHFE L LA A—4%— (RERDOEKE
AHES L — N TEBR) FREE L TER S,

X 1312, FAWS FIck T D LA Y—Htto R s
2 Z V=R ORFESHEDE BB L BIEE L A
WEREEE N R & < B 2B AWHEE TD OCT e fR&E L L
TRLTZ, BIAAT Y —i%. KFZED 10 vol%d AlO3z A
FYV—ThHO pHRFHEIC LY LA O—EEHIE L,
L7z o T AT U —HOEEIRIZK &R0 5 b B
KIIZNET DR E ERORENREZbND, £7-. H
RAERIZ X 0 BT &R AAR O FUE T O ST K 5 5
DEVME S L=, OCT O T HIZRZ 5 BfE.
VAA—H—DFARETL— ATV —ORmTHY, 2
NEVLERAT Y —ETHD, FAWEED EFIZx L
THAMKENED LW =a— =T U EE 2R LTz
HOTHST-RAT Y —IZBW T, HAMNEED RIS L
THEROERLKRE IOSMCBEEREITR 6o
Tro — 07 BAMBEEED B3 DIZoN T AW E KT
T5=ma— =T U EBERLIEBATHSZAT Y
—IZBWTIE, BAMOEED FH & &b ISR X
SUWZEAER R BT, Bl Tl Z OB LA & 0 B | BEfiE
T&7/z, 29 L7 OCT BozERL, HAWHED LFIZ
L O RIFEAEENEIL L TWD & 2R+ 5%, £ 2T,
It AW IR C 3D Bl A ATV, fhiH L7l % 3D
HLTHLTHRAEWEL O E BT 21T > 7o, £ DR %
B 14 12733, REMOEARADRE IILF TEROERDE
BTELLL, IHIZ10um ZEIC @53 T L TER LT,
1475, 3D AIRAKIZ & - T, 10 pm LL_E D ERAH SRR DKL
THEAHEE GEf) BDEAMEEZAINT 52— 7 L—h
7> 6 H AWOHEE D EFAT > TEREEFITHED T % 3
LNCTDHIENTE T, Fl2, AN T A TRLTEHR
THEABED R RO S b HAMNEE D EFIZ
PR TR E PR EL G DR SN DR E BT
IRENTZ, PlED X DT, OCT BB ML LT Y
— D 4 WICFA AR ARG ORATH L5, %< D
FERVBUEROHET 0 AR THARERQLNTE 5
REInw—%%2RrLik, £O—FT, a—rFL—r&H
W L— N ORI HRITAE T B AWHEE D554 DR
BAGR T TR FREGHIEE (LR & BEFD AT U —FF
PEOBAR L HIENIC — A 2% U EIRE RN S
ZLRAREAERTHY BRI S o AOFEEDOK
Eh—PRsr b LHFECTED,

XY

3. 3. 2 —EMETOEHMMEARBHDOZEEH
b 3 DEE
—HINEREIE, BT X v 7 ANBOHZ LT, BLHR
3G & W o T B AR O B I S R RO HLAY T
EPFEED BWEERORE Tt 2 Th 5, FEE LT, &
BI~OFEMEN LR Z WD Z R —RTh b, HE
BLE, — R DR DL | S F =AWV o
TR R R AT O AMREIME 2 AT ) —{kL T

D



0.1 mm

H15 FRBEXETEELEEBICAV=TRAILLERHD
REMEIE.

=
)
=
|53
o
=
-
w
7
o
=
[-»

16 SS-0CT HE & M MR EME LIFHES X T 4.

A B A-scan

B-scan

- Press direction

__________

— 0.1 mm

17 —BMETORMMN GG LMMAERHD 2D MEIH
BEMMEDERH L.

RBE L, fiz iETER LTRSS 28, ZofldEEi
WG U CHRRINRE S TR & < B D, F7o, —HinE L »
2 RIS GEOERC &M A AT L2k o)
KB OIS S AR L TR E ek T el 2 £ U 5
ZEIFE<ALNTNG 7Y, EMERE TR Z 2 Bl5 0%

93

REFREA OO 723012 | BT /) & RO IRTE E D BE£%R 00 L BRI AF
BIZ L DET VDR EPEDIRGE 9%, — (B8 FERL D R
(2 & 2 BERIRFE AL & B R O FRRIAERT 10, BEHEESR
% (Discrete Element Method: DEM) <A BREE#%  (Finite
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