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Grain Growth during the Sintering of Ultrafine S ic  
Powders Containing Free Si 

Masato Ohkohchi and Yoshinori Ando 

Depamnent of Physics, Meijo University. 1-501, Shiogamaguchi, Tenpaku-ku. Nagoya 468, Japan 

Ultrafine powders of P-Sic containing 15wt% free Si, 
which were produced by the gas evaporation method, 
were pressurelessly sintered. The behavior of S i c  crys- 
tal growth during the sintering was observed by scan- 
ning electron microscopy (SEM). When the sintering 
was carried out under the condition that the upper side 
of the sample is free surface, granular crystals only grew 
up until 2200°C. On the other hand, under another con- 
dition that sample surfaces are sandwiched by graphite 
plates, plate-like crystals began to grow at 185OC, and 
these crystals grew remarkably with the increase of the 
sintering temperature. X-ray diffraction analysis 
showed that the granular crystals were P-Sic, the same 
as that of raw powders. Plate-like crystals were a-Sic 
and the flat surface of the plate was the basal plane, 
(001). Sintered bodies were not densified when the 
granular and plate-like crystals remarkably grew. The 
pressureless sintering of SIC containing free Si at  the 
temperature above the melting point of Si is considered 
to be liquid phase sintering. The migration of con- 
stituent atoms by diffusion becomes easy when free Si 
existed as liquid phase. Hence the growth of large plate- 
like crystals could occurred easily at the position existing 
such liquid phase. Therefore the existence of free Si is 
not favorable to obtain a dense sintered body. 
[Received September 22,1989; Accepted January 25, 19901 

Key-words: Silicon carbide, Free silicon, graphite-plate, 
Sintering, Grain growth, Plate-like crystal, Granular crystal 

1. Introduction 

It is well known that highly densified SIC can be ob- 
tained by the pressureless sintering with the aids of boron 
and carbon.') When the ultrafine powders of Sic produced 
by the gas evaporation method2) have been used as raw 
materials for the pressureless sintering, the circumstance 
was not a little different.3) A large number of plate-like 
crystals grew in two extreme cases, namely too much 
amounts of boron or too little carbon compared with the 
optimum amounts of sintering aids to obtain the dense 
sintered body.3' When such plate-like crystal growth was 
remarkable at the early stage of the sintering, the density of 
the sintered body did not reach at high values. 

In the case of pressureless sintering of ultrafine Sic pow- 
ders containing a large amounts of free Si, remarkable grain 
growth could be observed. Clear-cut concentric circular 
growth steps also were observed on the crystal surface?) 
Such grain growth heavily prevented the densification of 

sintered bodies. 
In this paper, the behavior of growing SiC'crystals during 

the sintering has been investigated by SEM and X-ray dif- 
fraction. The action of free Si during the sintering is dis- 
cussed from the viewpoint of diffusion. 

2. Experimental 

2-1. Preparation of S i c  Samples 
Two kinds of ultrafine SIC powders were produced b 

the gas evaporation method within different atmosphere. 4 
One was the ultrafine S ic  powder without free Si, which 
was produced in an appropriate pressure and flow rate of 
methane gas. The other was the ultrafine powder containing 
50wt% free Si, which was produced in low-pressure gas of 
helium. The crystal structure of these ultrafine Sic powders 
was P-Sic. and the average size of them was about 50nm. 

Raw powders of SIC containing 15wt% free Si used for 
the sintering were prepared by mixing the both powders. 
Boron Iwt% was added as a sintering aid, and mixed by a 
wet method in a ball mill. After being dried, it was molded 
to produce pellets (diameter 14mm, thickness 3mm) by 
uniaxial press. These pellets were pressed isostatically at 
300MPa. and they were used as samples in the following 
sintering. 

2-2. Sintering and Characterization 
In each time of sintering, two samples were set dif- 

ferently in the sintering furnace. One sample (SI) was just 
put on a graphite plate, and so the upper side of the sample 
is free surface. The other sample (S2) was sandwiched by 
two graphite plates from the upper and lower sides. 

Initial sintering was carried out by the following method. 
After the furnace being evacuated to an order of 2 x 1 0 - ~ ~ a  
by an oil diffusion pump, the graphite heater was raised to 
1550°C at the rate of 10"Clmin. The temperature was kept 
for one hour, and then cool down slowly in the evacuated 
furnace. After this initial sintering, the defined position on 
the surface of the sintered sample was observed by SEM to 
investigate the phase of the grown grain. Furthermore, the 
presence of free Si and the crystal structure were examined 
by X-ray (Cu Kcr) diffraction on the same surface. 

Subsequently, these samples were set again in the furnace 
on the same condition as initial sintering, and the tempera- 
ture was raised to 1550°C at the rate of 10"C/min. Closing 
the exhausting valve at 155OSC, Ar gas was introduced into 
the furnace in a flow rate of Sl/min at pressure 1 x 105pa. 
Within Ar flowing furnace the temperature was raised at the 
rate of 2SeC/min to a fixed value between 1550°C and 
2200°C. When the temperature reached to the fixed value, 
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it was kept one hour. After the sintering, SEM observation 
and X-ray diffraction canied out at the same surface posi- 
tion of the sample as before. A series of sintering and char- 
acterization was repeated at 50°C interval from 1550°C to 
2200°C. 

In order to compare the phase of grain growth at the 
surface with that of inside of the sintered body, SEM obser- 
vation has been done on the fracture surface of the sintered 
body also. The rate of weight loss was measured from the 
weight change of the same sample for every sintering at 
each temperature. The existence of oxygen on the surface 
and inside of samples were examined by electron probe 
micro analysis (EPMA). 

3. Results 

3-1. Sintering of the Sample S l  
Figure 1 shows SEM photographs taken at the defined 

position on the side of upper free surface of the sample S1 
sintered at various temperatures. Granular crystals of the 
order of several microns and fine crystals less than 0.5pm 
grew at 1550°C. The latter fine crystals disappeared at 
180OSC, and the sizes of almost crystals were larger than 
several microns. Even when the sintering temperature was 
increased to 2200"C, shiking change of granular crystals 
didn't occur and any growth of plate-like crystals was not 
observed. Although 15wt% free Si was included in the raw 
powders, the existence of free Si could not be recognized in 
the X-ray diffraction pattern from the same surface sintered 
at 1550°C. Even in the sintering at higher temperature than 
1800°C. the grown crystals on the surface remained the 
same P-Sic (3C) as green body. After sintering at 2200"C, 

a weak peak of graphite was added. 
SEM photographs obtained from the fracture surface of 

the sintered body at 2200°C are shown in Fig.2. Granular 
crystals similar to ones in Fig.1 were seen on the left side 
(a), which corresponds to the side of the free surface. Com- 
plicate and intertwined plate-like crystals grew on the other 
right side (b), which side contacted to graphite plate. Being 
evident from Fig.2 the density of the sintered body was low, 
because much spaces exist between crystals in most parts of 
the sintered body. 

3-2. Sintering of the Sample S2 
The behavior of crystal growth at the same position of 

the sintered body of the sample S2 for various temperature 
is seen in Fig.3. The similar grain growth to the sample S1 
was observed at 1550°C sintering. When the sintering 
temperature was above 1850"C, plate-like crystals began to 
grow. The whole surface was covered with the plate-like 
crystals above 2000°C. The size and the number of the 
plate-like crystals increased with the increase of sintering 
temperature. Many holes formed by the combination and 
absorption existed in the plate-like crystals. 

SEM photographs taken at different position from that in 
Fig.3 of the sample S2 at high magnification are shown in 
Fig.4. Two types of granular crystals, the clear-cut 
polyhedra (b) and the round-shape (c), are seen in the figure. 
Polyhedra were formed from the growth of granular crystals 
(a), which size was in the order of several microns at 
1550°C. Round-shape crystals contacted with each other. 
The plate-like crystal began to gmw by combining such 
round-shape crystals. Such plate-like crystals grew rapidly 
by coalescing adjacent crystals. However, the clear-cut 
polyhedra were not absorbed to the plate-like crystals, even 
when the polyhedra touched with the plate-like crystals. 

Fig. 1. SEM photographs of the free surface of the sample S1 sintered at each temperature indicated in the figure. The arrow shows the 
crystal which didn't change the shape up to 2200'C. 
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Fig 2 SEM photograph of the fracture surface of the sample S1 whlch slnterlng has been repeated In 50% tnterval up to 2200°C (a) free 
surface s~de, (b) s~de contacttng wtth graph~te plate 

Fig. 3. SEM photographs of the surface of the sample S2 sintered at each temperature 

Growth steps on the plate-like crystal appeared clearly with 
the increase of the sintering temperature. 

Figure 5 shows SEM photographs of the fracture surface 
near the top surface corresponding to Fig.3. As it is under- 
stood from comparison with the photographs at each 
temperature in Fig.3, the behavior of the growth of plate-like 
crystals inside the sintered body was similar to the top sur- 
face different from the behavior of the sample S1. How- 
ever, clear-cut polyhedral crystals on the top surface 
observed in Fig.4 were not seen in the fracture surface. 
SEM photographs taken at the surface of the same sintered 
body by the change of the sintering time at 2200'C are 
shown in Figd. During the sintering at high temperature of 

2200"C, plate-like crystals became thinner and smaller by 
evaporation with the increase of sintering time. Then, 
hexagonal growth steps appeared clearly on the partially 
evaporated surface. 

In the X-ray diffraction pattern, the existence of free Si 
was recognized on the surface up to 1900°C. different from 
the sample SI. Peaks of a-Sic began to appear at about 
1900°C. and clear a-Sic peaks existed at the temperature 
higher than 1950°C. corresponding to the growth of remark- 
able plate-like crystals. 

By rotating-crystal method of X-ray diffraction, it was 
confined that these plate-like crystals were a-Sic (6H) and 
the flat surface of the plate was basal plane, (001). In the 
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Fig. 4. SEM photographs of the surface of the sample 52 sintered at each temperature, a, b and c show typical three kinds of crystals. 
several microns granular crystal, b; polyhedral crystal, c; round-shape crystal. 

Fig. 5. SEM photographs of the fracture surface near the top surface of the sample 52 sintered at each temperature. Top surface of each 
sample is shown by the arrows. 

powder X-ray diffraction pattern also, the sharp peaks of 6H S2 up to 1550°C were remarkable. Especially, the weight 
appeared with the increase of the number of the plate-like of S1 decreased as many as 14.5% below 1550°C. but the 
crystals. weight loss was only a little amount at sintering temperature 

above 1550°C. On the contrary, in the sample S2, the 
3-3. Weight Loss Rates of Sintered Bodies weight loss was increased gradually. In the both samples, 

Weight loss rates of sintered bodies at each temperature weight loss rates had a tendency saturating to about 15% up 
are shown in Fig.7. The weight loss of both samples S1 and to 2 W C ,  and remarkably increased again at 2200'C. Be- 
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Fig. 6. SEM photographs of the surface of the sample S2 sintered by 

1550 1653 1750 1850 1950 2050 Zl50 2250 

Sinterlng Temperature I'C) 

Fig. 7. Weight loss rate of sintered bodies at each sintering 
temperature. 

cause the raw powder contains 15wt% free Si, the saturation 
value of 15% means that almost parts of free Si in the 
sample were evaporated up to 2000'C. 

4. Discussion 

4-1. Effects of the Graphite Plate 
In the initial sintering at 1550°C the evaporation of free 

Si from the sample S1 was about 2% bigger than that of the 
sample S2. In the X-ray diffraction pattem, the existence 
of free Si was not recognized already at 1550'C for the 
sample S1. On the other hand, the peak of free Si in the 
sample S2, which was sandwiched by graphite plates, 
remained up to 1900°C. From these results, it is clear that 
graphite plates had an effect decreasing evaporation rate of 
free Si contained in the sample. 

Purity of Ar gas used for the sintering atmosphere was 
99.999%. but oxygen gas was contained as many as lppm 
in the Ar gas. Furthermore ultrafine powders used as raw 
material contained about 2wt% SiO2. It is easily anticipated 
that the surfaces of the sample were oxidized by these 
oxygen in the sintering process. This anticipation could be 
supported from other facts also obtained by EPMA examina- 
tion, namely the oxygen value was high at the surface than 

( b) 
changing the sintering time at 2200°C. (a) two hours, (b) three hours. 

the inside of the sample and that was high in the sample S1 
than S2. Because the both surfaces of the sample S2 were 
in contact with graphite plates, the surfaces were easily 
deoxidized by the carbon. 

4-2. Growth of Granular Crystals 
When the samples S1 and S2 were sintered at 1550°C. 

granular crystals classified into two groups in size grew on 
the surface of sintered bodies. The size was the order of 
several microns for one group, and another was less than 
0 . 5 ~ .  At the inside of the both sintered bodies, fine 
granular crystals only (less than 0.5wm) grew. Hence, it 
seems that the growth of granular crystals in the order of 
several microns was caused by the evaporation of free Si 
from the surface. Because the evaporation rate of free Si 
was fast in the sample S1 as seen in Fig.7, free Si contained 
in the raw powder had evaporated already at the initial 
sintering. 

Furthermore contacting area between grain and grain was 
small as seen in Fig. 1, and the oxidation of each grain sur- 
face were confirmed by EPMA. In such case the migration 
of constituent atoms by diffusion through boundary is little. 
Therefore, in the case of sample S1 the growth of individual 
grains was observed slightly even in the sintering at higher 
temperature than the initial sintering. On the other hand, in 
the sample S2, the evaporation of free Si was progressing 
slowly up to 200WC, and the surface of the sample was 
easily deoxidized by the carbon of graphite plates. Thus the 
granular crystals of the sample S2 grew to have the clear-cut 
polyhedral shape. 

In the X-ray diffraction pattem taken from the surface of 
sample S1, where granular crystals grew, the peak of P-Sic 
only could be recognized. However, in the X-ray image of 
SEM obtained from the same surface, the existence of boron 
in the position of granular crystals formed at initial sintering 
was recognized. There is a possibility that these granular 
crystals are boron. 

4-3. Growth of Plate-like S i c  Crystals 
At the sintering of S ic  ultrafine powders containing free 

Si, it can be anticipated that liquid phase of Si exists in the 
sintered bodies when the sintering temperature was higher 
than the melting point of Si. The migration of constituent 
atoms by diffusion is easy when the liquid phase existed in 
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the sample. In the sample S2, the existence of free Si on the 
surface was recognized by X-ray diffraction up to 1900°C. 
It means that liquid phase existed on the surface even at 
1900°C sintering. It could be recognized that round-shape 
crystals (c) as seen in Fig.4 grew by the sintering in which 
liquid phase of Si existed. These round-shape crystals were 
well in contact with each other, hence the bonding between 
them was easy. As the results, plate-like crystals began to 
grow at the position of contacting round-shape crystals at 
the temperature above 1850"C, and the size of plates became 
large with the increase of sintering temperature. From these 
results, we can conclude that plate-like crystals grew at the 
temperature above 1850°C at which the migration of con- 
stituent atoms through boundary by diffusion occurred more 
easily and actively. When free Si was contained in the raw 
powder, the migration of constituent atoms became active 
at the melting point of Si, and the growth of round-shape 
crystals preferentially occurred at the position which the 
liquid phase existed in the sample. The round-shape crys- 
tals grew to plate-like when sintering temperature reached 
to 1850°C. Such growth prevented the densification of 
sintered bodies. Therefore, the existence of free Si in the 
raw powders is undesirable to produce highly densified 
bodies of Sic by the pressureless sintering. 

Sic began to evaporate at the temperature higher than 
2200°C as shown in Fig.7, namely the weight loss rate in- 
creased again at 220C°C. Moreover, in the X-ray diffraction 
pattern, the existence of graphite was recognized from 
2200°C sintering. This is considered that Sic was dis- 
sociated into Si and graphite, and its Si evaporated remain- 
ing graphite on the surface. 

5. Conclusions 

The following aspects were clarified by the sintering of 

ultrafine powders of P-Sic containing free Si. 
1)The graphite plate that is in contact with the sample 

surface, functioned in the sintering to retard the evaporation 
of Si or the oxidation of the sample surface. 

2)Granular crystals grew only on the surface of the 
sample when free Si was evaporating actively. 

3)Plate-like crystals began to grow at 1850°C. and the 
whole surface of sintered bodies was covered by them at the 
temperature higher than 2000°C. 

4)The plate-like crystals were a-Sic (6H) and the flat 
surface of the plate was basal plane, (001). 

5)SiC began to evaporate at 2200°C, and then clear 
hexagonal steps were formed sometimes on the surface of 
the plate-like crystal by the evaporation. 

6)The pressureless sintering of SIC containing free Si 
was considered to be liquid phase sintering. Then abnormal 
grain growth occurred, because the migration of constituent 
atoms by diffusion became easy. Therefore, the existence 
of free Si is not favorable to obtain the dense sintered body. 
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High Strength Sic-ParticleISi3N4 Composites 

Yoshio Akimune 

Scientific Research Laboratory. Central Engineering Laboratories. Nissan Motor Co., Ltd.1, Natsushima-cho, Yokosuka 237. lapan 

Adding silicon carbide particles to silicon nitride and 
subjecting the mixture to hot-isostatic-pressing process 
after pressureless sintering increases both bending 
strength and Young's modulus, although fracture tough- 
ness remains at  almost the same. This is because that 
the added S i c  particles inhibit excess grain growth of 
P-Si3N4 resulting in reducing flaw size for fracture. The 
S i c  particles of less than 0.2pm in diameter are trapped 
within the P-Si3N4 grains through hot-isostatic-process 
with microcracks which reduce imposed stress resulting 
in further contribution in high strength. SIC particles, 
however, do not alter the fracture characteristics for 
fracture toughness. 
[Received October 17, 1989; Accepted January 25, 19901 

Key-words: Silicon nitride, Silicon carbide, Composite, 
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1. Introduction 

Lightweight, high-strength silicon nitride has been used 
in automobile turbocharger rotors since 1985." Silicon 
nitride is, however, a naturally brittle material and cracks 
caused by thermal shock and contact stress can yield 
catastrophic failure. The fracture toughness and strength of 
silicon nitride must be improved if it is to be used in gas 
turbines. Strengthening methods available today include 
the use of fiber and whisker reinf~rcement~~) and particle 
di~persion.~.~' The results of various studies have con- 
tributed to improving the mechanical properties of silicon 
carbide (SIC) /silicon nitride (Si3N4) composites. 

The mechanical properties of Si3N4 have also been im- 
proved through microstructural control achieved with a 
sophisticated sinter-hot-isostatic-pressing process.71 
Naturally, this sintering process is utilized to fabricate 
ceramic composites with enhanced mechanical proper- 

Table 1. Propelties of starting powders. 
51 N 

E ? O ~  
s ic  
neta-51c 

U l l f  IDIDEN 

ties?"' In the ~iterature,'~' Si-C-N powder precursors ob- 
tained by chemical vapor deposition were used to produce 
a Sic-Si3N4 composite, having high strength and high frac- 
ture toughness. However, those mixed powders were very 
fine and required a hot press process. 

In the present work, Sic-particle/Si3N4 composites were 
produced by hot-isostatic-pressing (hipping) following pres- 
sureless sintering. The mechanical properties and the com- 
posite microstructures were then examined using scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM). 

2. Experimental Procedure 

2-1. Materials 
Commercially produced silicon nitride powdef and S ic  

particles' (10% by volume) were mixed with lOwt% yttria 
and 5wt% alumina in a ball mill using ethanol as a solvent. 
The properties of the powders used are listed in Table 1. 
After ball milling, the slurry was dried in a rotary 
evaporator, then sieved to a particle size smaller than 
210pm. The mixture of the Sic-particle/Si3N4 was then 
isostatically cold pressed at 400MPa. The compacts were 
subjected to pressureless sintering at a maximum tempera- 
ture of 1750°C under 0.IMPa N2 for 3 hours, and then 
hot-isostatically pressed (hipped) in a graphite crucible for 
1 hour at 1850°C under IOOMPa Nz. Pressureless-sintered 
Si3N4 was also produced for comparison using the same 
process. Fabrication process was illustrated in Fig.1. 

2-2. Mechanical tesling 
The 5 by 6 by 40mm pressureless-sintered and sinter and 

hipped bars were ground into 4 by 3 by 40mm specimens 
for bending testing and 4 by 1 by 40mm specimens for 
measuring the Young's modulus. A four-point bending test 
(inner span of 10 and outer span of 30mm) at a crosshead 
speed of O.Srnm/min was used to measure bending strength 
of 18-20 specimens. The results were analyzed using 
Weibull statistics.") The fracture toughness of 15 measure- 
ments was measured by the indentation method,12) Young's 
modulus of 5 specimens by resonance, and hardness of 15 
measurements by a Vickers indenter with a 300g weight. 

3. Results and Discussions 

The mechanical properties of three materials; a pressure- 
less-sintered Si3N4 (PLS-SN), a pressureless-sintered SiC- 

+ UBE Kosan Co.. Ltd.. E10. 1-12 Akasaka, Tokyo, Japan 
# IBIDEN Co., Ltd., Betarandam. 2-1 Kanda. Ohgaki, Japan 
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Fig. 1. Fabrication process of pressureless-sintered and sinter and 
hippped specimens. 

particleISi3N4 (PLS-Sic-p/SN) composite, and a sinter and 
hot-isostatically-pressed Sic-particle/ Si3N4 (SH-Sic-p/SN) 
composite are summarized in Table 2. The SH-Sic-p/SN 
composite exhibited higher density than the PLS-SN and the 
PLS-Sic-p/SN composite. Comparing PLS-SN and PLS- 
Sic-p/SN, the addition of Sic particles decreased the 
sinterability of the composites in pressureless-sintering 
resulting in lower density due to a porous microstructure. 
Density was then recovered through the hot isostatically 
pressing (hipping) process after pressureless-sintering. The 
SH-Sic-p/SN composite showed the highest Young's 
modulus because of the S ic  addition and its densified 
microstructure. The decreased hardness value of the SH- 
SIC-p/SN composite indicated that its deformation resis- 
tance was lowered through the hipping process more than 
that of the PLS-Sic-p/SN composite because of its large 
$-Si3N4 microstructure. 

The fracture toughness value (Klc) of SH-Sic-p/SN was 
slightly higher than that of PLS-Sic-p/SN, which showed 
the lowest Klc value in this experiment. However, the K c  
value of the SH-Sic-p/SN was not higher than other 
specimens in the literature for small particle added com- 
posite.4' This suggests that the addition of S ic  particles may 
not directly affect the fracture behavior in the SH-Sic-p/SN 
composite. Nevertheless, the lowered K c  was recovered 
through the hipping process, since hipping process reduced 
the pores in a micro~tructure.~~~) 

On the other hand, a Weibull plot of bending strength 
(Fig.2) shows a considerable improvement due to both 
Sic-particle addition4) and sinter and It is 
considered that Sic-particles inhibit grain growth, as well 
as densification. Therefore, the PLS-Sic-p/SN exhibits 
lower strength but a narrower strength scatter due to a more 
uniform distribution of the largest flaws, which is probably 
related to porosity than that PLS-SN. Sinter-hot-isostatic- 

Table 2. Material properties 

Bending Strength (MPa) 

Fig. 2. Weibull plots of bending strength. (PLS: pressureless-sinter- 
ing, HS: sinter and hipping) 

pressing densifies the materials, thereby increasing their 
strength without significantly altering the microstructural 
characteristics governing fracture. Thus, a combination of 
Sic-particle addition and the hipping process yields higher 
strength as a result of minimizing the critical flaw size for 
fracture. It is also noted that a larger Weibull modulus 
indicates that the critical flaw size for fracture tends to con- 
verge when Sic  particles are added?) 

Both SEM and TEM were employed to explore the 
relationship between the mechanical properties and the 
specimen microstructures. Figures 3(A) to (C) are SEM 
micrographs showing the microstructures of PLS-SN, the 
PLS-Sic-p/SN composite, and the SH-Sic-p/SN composite. 
P-SisN4 grains in the SH-material developed better than 
those in PLS-materials. This alone does not improve frac- 
ture toughness, because cracks do not seem to interact with 
Sic-particles and fracture is actually dominated by the 
microstructural characteristics rather than the S ic  particles. 
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Fig. 3. SEM m~crographs showing microstructural characteristics of three materials. (A)Pressureless-sintered Si3N4, (B)Pressureless-sintered 
Sic-pISigN4, (C)Slnter and hipped Sic-pISigN4. 

Fig. 4. TEM micrographs of three specimens showing p-Si3N4 grains(SN) and Sic-particles (Sic and arrow) with glassy layer(G). 
(A)Pressureless-sintered Si3N4, (B)Pressureless-sintered Sic-piSlgN4. (C)Sinter and hipped Sic-pISi3N4. 

The TEM micrographs show the microstructural charac- 
teristics of three types of materials. Figure 4(A) shows the 
microstructure of PLS-SN, its partially developed P-SisN4 
grains are of scattered sizes and are distributed within a 
glassy phase. The PLS-Sic-p/SN composite (Fig.4(B)) ex- 
hibited similar microstmcture to the PLS-SN with S ic  
grains (under O.lpm of diameter) trapped in beta-SN grains 
and distributed within the glassy phase. It is also suggested 
that carbon contamination from Sic particle (see Table 1) 
influences the grain growth of P-Si3N4 Figure 
4(C) shows a microstructure where some of the Sic particles 
smaller than 0.2pmI0) are trapped in the beta-SisN4 grains, 
which also developed, and others are distributed along the 
grain boundaries. 

From these observations, it can be deduced that a SH- " 

Sic-p/SN composite having a microstructure with P-Si3N4 Fig. 5. 
grains provides high bending strength.lO) Such a Sic particles in the b-SN grains. (beta-SN grains(SN) and 

Sic-parlicles(SiC) with glassy layer(G), crack(arrow)). 
microstructure, however, does not yield either high hardness 
or fracture toughness values. The microstructure of the SH- 
Sic-p/SN composite is shown in Fig.5. Similar to the tending from Sic were detected in the 0-Si3N4 grain by 
results in Fig.3(C), S ic  particles are trapped within the grain TEM, a grain boundary phase may have been presented 
boundary glassy phase and the P-SN grains. As cracks ex- considering the difference in thermal expansion coefficient 
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between S ic  and Si3N4 as suggested by Li and ~ r a d t l ~ '  and 
Hsueh et al.I5) This microstructure may reduce the imposed 
stress resulting in yielding further contribution to high 
strength. The lowered hardness also explained with the 
microcracks in the SH-SiCISi2N4 composites. The high 
strength of SH-Sic-p/SN composite is thought that inhibi- 
tion of excess grain growth and reduction of imposed stress 
by microcracking. 

4. Summary and Conclusions 

In the present study, a pressureless-sintered SN, a pres- 
sureless-sintered Sic-pISN composite, and a sinter-hot-isos- 
tatic pressed Sic-p/SN composite were produced. 
Investigation of their mechanical properties showed that a 
combination of Sic-particle addition and sinter and hipping 
yields dense compacts, which have a higher bending 
strength and Young's modulus, although fracture toughness 
remains at almost the same level. This is because that the 
added Sic particles inhibit excess grain growth of P-Si3N4 
resulting in reducing flaw size for fracture. Fine S ic  par- 
ticles of less than 0 . 2 ~  in diameter are trapped within the 
P-SisN4 grains through hot-isostatic-process with 
microcracks which reduce imposed stress resulting in fur- 
ther contribution in FLgh strength. S i c  particles do not alter 
the fracture characteristics resulting in almost the same Klc. 
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Analyses of Microstructure and Sintering Mechanism of 
Si3N4-Bonded S i c  Ceramics 
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The sintering mechanism of SisN4-bonded S i c  ceramics 
produced by sintering compacts of powder mixtures of 
S i c  and Si in a nitrogen atmosphere is discussed based 
on the microstructural analyses by scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM). 
SEM observations showed that amorphous whiskers and 
fine Si3N4 grains grew on the S i c  particles surfaces at 
the initial stage of sintering, and that amorphous whis- 
kers disappeared to form fine Si3N4 grains when heated 
to the final sintering temperature of 1350°C. 
TEM observations showed that Si3N4 grains grew epita- 
xially on the S ic  lattice and no foreign elements such as 
oxygen were detected at  the Sic-Si3N4 interface, and that 
grain growth of Si3N4 seems to be suppressed by the 
presence of oxygen. 
[Received September 14, 1989; Accepted January 25, 19901 

Key-words: Silicon nitride bonded silicon carbide, Reac- 
tion-bonding, Near-net-shape, No-shrinkage, Epitaxial 
growth, SEM, TEM, EELS 

Si powder Sic  powder 
L 1 

Methyl alcohol 

Thermoplastic 

 in nitrogen 

Fig. 1. Production process of SigNq-bonded Sic ceramics. 

1. Introduction 

The authors have been studying near net-shape ceramics 
which have very small sintering-induced shrinkage, with the 
objective of developing a manufacturing process for struc- 
tural ceramic parts which need no post-treatment. One of 
the results is the development of a SigN4-bonded S ic  
ceramic which has a sintering-induced shrinkage of 0.13% 
and bending strength of 350MPa."~) 

Ceramic strength depends, in general, on grain size and 
shape, grain boundary structures, and size and quantity of 
pores. The major factors in Si3N4-bonded S ic  composites 
are the mode of the Sic-Si3N4 bonding and interfacial struc- 
tures. Some researchers have discussed the microstructures 
of SisN4-Sic composites for the grain boundaries of those 
prepared by hot pressing, or from polycarbosilane.3~4) 
However, there are few studies on reaction-sintered Si3N4- 
S ic  composites.5) In this study, the microstructure of 
SisN4-bonded ceramic materials was analyzed by a scan- 
ning electron microscope (SEM), transmission electron 
microscope (TEM) and electron energy-loss spectrometer 
(EELS, capable of analyzing light elements, such as C, N 
and 0). in order to investigate the sintering mechanisms. 

2. Experimental Procedure 

2-1. Sample Preparation 
Figure 1 illustrates the production process of Si3N4- 

bonded Sic, and Fig.2 shows the SEM photographs of the 
starting powders used in this study. The metallic Si powder 
consisted of microparticles with a broad size distribution 
and average size of 0.9pm. and the SIC powder was of the 
a morphology, crushed to an average size of 16pm. 

The Si and S ic  powders were mixed (60140 by weight) 
together with SisN4 balls for 24h in the presence of 
methanol in a pot mill. The mixture was dried at room 
temperature, and mixed with a polyethylene-base ther- 
moplastic resin as the organic binder under pressure for 5h 
by a kneader. It was then cooled, and crushed by a crusher 
to 10 meshes or less. About 50g of the crushed particles 
were press-formed under 98MPa in a die heated to 140"C, 
into a piece of diameter 40mm and thickness l h m .  The 
green body thus prepared was heat-treated in an Ar gas 
atmosphere in a dewaxer oven to remove the resinous mat- 
ter, and then sintered in a graphite induction heater in 
nitrogen gas containing 5ppm or less of oxygen. The heater 
was kept at 0.88MPa with nitrogen gas, after having been 
evacuated to 5.lmPa (5x10" Tom) by an oil-diffusion pump. 
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Fig. 2. Scanning electron micrographs of Si and Sic powders. 

Fig. 3. Optical micrograph of polished surface of sintered body. 

Two types of specimens were prepared for the SEM and 
TEM analyses; one was incompletely heat-treated at 1100°C 
for 5h, and the other was more fully treated at 1350°C for 
5h. 

2-2. Analytical Procedure 
The fracture face of each sample was analyzed, after 

having been deposited with carbon, by a high-resolution 
SEM (Hitachi's S-900) for the grain boundaries. 

In addition, the sample was ground to a thin plate and 
carbon was deposited for the TEM analysis. The micro- 
structure was examined by 3 microscopes (Hitachi H-800 
(200kV), Siemens' 102EM (125kV) and JOEL 2000FX 
(200kV)). The 2000FX microscope was equipped with an 
electron energy-loss spectrometer (Gatan EELS). 

Table 1. Properties of SigN4-bonded Sic ceramics 

Density (Mg/m3) I RT 1 2.81 

Dimensional change in 
sintering stage (%) 

Green body 
-Sintered body 

Crystal structure 
of sintered body (%) 

Thermal expansion 
coefficientrc-I) 

I RT-900°C 1 2 . 9 ~ 1 0 - ~  

0.13 

Volume fraction 

of pore(%) 

X-ray 
diffractometry 

Bending strength 

(Max.) (MPa) 1200-C 

Weibull modulus 
method 

0-Sic : 33 
a-Si,N, : 50 
B-Si,N. : 17 

RT 

Thermal diffusivity 

(m2/s) 

Young's modulus 

Supersonic (Gpa) I 1 :Io 
wave method 

Poisson's ratio 

12 

Laser flash 
method 

9.77~10- '  

I I 

Oxidation weight 

gain (kg/mz) 

9330 Vickers hardness 

(MPa) 

Hv 

(50kg/30s) 

1200% 
lOOh in air 

5 .2~10- "  
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Fig. 4. Scanning electron micrographs of fracture surface of partially sintered body (at 1100'C for 5 hours). 

Be- a -  sl, 

300 n rrr' @ 

P o i n t  A P o i n t  B P o i n t  C 

Fig. 5. Higher magnification images taken at A, B and C marked in Fig.4. 

3. Results and Discussion 

3-1. Nitride Formation over a-Sic Particles 
Figure 3 shows an optical micrograph of the Si3N4- 

bonded S i c  sample prepared at the final temperature of 
1350"C, and Table 1 shows its properties. Referring to 
Fig.3, the large, white grains are of a-Sic, the black portions 
represent pores and the other portion is Si3N4. The pores 
were small, about 2 0 ~ m  or less, and distributed relatively 
uniformly. This may account for its high bending strength 
for a high porosity of about 12%. 

The sintering process discussed here is based on the 

nitridation of Si, in which Si3N4 particles are deposited and 
grow on the Sic particle surfaces. The growth process of 
the reaction products on the a-Sic particles were followed 
by a high-resolution SEM. The results are presented in 
Figs4 through 7. 

Figures 4 and 5 show the microstructures of the fracture 
faces, where the sample was sintered at 1100°C for 5h, and 
withdrawn from the oven in the middle of the sintering 
process. The A, B and C portions on the micrograph in 
Fig.4 were magnified as shown in Fig.5. The magnified A 
and B portions indicate that whisker-like reaction products 
were grown and deposited on the a-Sic particle surfaces in 
the initial stage of sintering. Referring to the C portion, the 
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Fig. 6. Scanning electron micrographs of fracture surface of sintered body (at 1350'C for 5 hours). 

Point A Point B 
Fig. 7. Higher magnification images taken at A and B marked in Fig.6 

micrograins of Si3N4 were partly grown on the a-Sic par- shown in Fig.5, were eventually transformed into the 
ticle surfaces. micrograins of Si3N4 to fill the pores. 

Figures 6 and 7 show the conditions in the vicinity of Next, the whisker-like reaction products shown in Fig.5 
the Sic-Si3N4 interfaces on the fracture faces, where the were analyzed. Figure 8 shows the results of the TEM, 
sample was sintered at the final temperature of 1350'C. The electron diffraction and windowless dispersive SpeChO- 
A and B portions on the micrograph in Fig.6 were magnified scopic (EDS) analysis. The arrowed portion in the TEM 
as shown in Fig.7. The whisker-like reaction products, photograph was amorphous, and Si and 0 or Si, 0 and N 
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Diffraction pattern 

TEM image 

EDS Analyaia 

Fig. 8. Typical field transmission electron microscopy, microdiffraction pattern and windowless electron dispersive spectroscopy showing 
amorphous whiskers on the Sic particle in a partially sintered body (at 1100'C for 5 hours). 

were present in that portion, as revealed by electron diffrac- 
tometry and EDS analysis, respectively. These results indi- 
cated that the whiskers found in the sample nitrided at 
1100°C for 5h were of Si-0-N bonds. These amorphous 
whiskers resulted conceivably from the reactions of oxygen 
in the atmosphere, Si and the oxide film over the S ic  par- 
ticles. The electron diffractiometry confirmed that the 
Si3N4 grains were partly formed in places, as shown in Fig.5 
(the SEM photograph at point C). 

3-2. Crystalline Structures at  the Interfaces between 
a-Sic and Si3N4 Particles 

This section discusses the results of the sample treated at 
the final temperature of 1350°C. Figure 9 shows the TEM 
image and Fig.10 the EELS results for the portion in the 
vicinity of the grain boundaries. The measured region of 
the EELS analysis ranged from 5 to 1Onm. The results 
shown in Fig.9 indicated that the P-Si3N4 grains grew 
epitaxially in line with the a-Sic grains on which they were 
deposited at an angle of about 25". The EELS results 
(Fig.10) showed no oxygen peak in the grain boundaries, by 
which it was confirmed that the amorphous Si-0 and Si-0-N 
whisker-like features formed during the initial stage of 
nitridation were not left over the S ic  grain surfaces, and 
there was no oxide in the interfaces between a-Sic and 
Si3N4. The absence of oxide may account for the strength 
of the composite sample kept intact at high temperature. 

It was observed, as shown in Fig.9, that the Si3N4 grains 
grew at a definite angle (about 25") with the lattices in the 
a-Sic grains when these lattices were almost perpendicular 
to the interfaces. Next, the visual fields in which the lattices 
in the a-Sic grains ran in parallel to the Si3N4-bonded faces 
were examined, to investigate how the Si3N4 grains grew in 
this case. Figure 10 shows the TEM photograph of such a 
portion, indicating that the a-SisN4 grains grew in a similar 
manner in the portion where the lattices in the a-Sic grains 
were in parallel to the SisNcbonded faces. It was also 

Fig. 9. High resolution TEM image showing interface of Sic and 
SigNq in fully sintered body (at 1350'C for 5 hours). 

observed that the a-Si3N4 grew in different directions in line 
with the dislocations in the a-Sic grains, which was 
evidence that growth of the Si3N4 grains was restricted by 
the S ic  lattices. 

Figure 12 shows the micro-diffraction patterns and 
analytical results of the interfacial area between a-Sic and 
~ i 3 ~ 4 . ~ ' ~ )  The diffraction patterns indicated that there was 
no reaction product other than 6H-Sic and a-Si3N4, and that 
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Fig. 11. High resolution TEM image showing 6H-SIC lattice parallel 
to interface. 

Fig. 10.Electron energy-loss spectroscopy of the vicinity of 
SiCISigN4 interface (symbols 1, 2 and 3 indicate measuring 
points marked in Fig.9). 

6H-Sic and the hexagonal structure of a-Si3N4 overlapped 
each other at a definite angle of about 12". Extensive study 
of these diffraction patterns may allow the discovery of 
bonding regularities. 

3-3. Effects of Oxygen on Si3N4 Grains 
Detailed investigation of the Si3N4 particles formed by 

the nitridation of Si particles revealed that there were 
oxygen-rich and oxygen-free portions, and they differed in 
Si3N4 grain size from each other. Figures 13 and 14 present 
the TEM and EELS results for the Si3N4 grains. Figure 13 
shows that the oxygen-rich grain was much smaller than the 
oxygen-free one. The EELS results, shown in Fig.14, indi- 
cate the presence of oxygen, though the crystalline struc- 
tures of each grain were not clarified, because the grains 
were so small (50nm or less) that their electron diffraction 
images overlapped each other. The oxygen presumably 
came from the amorphous Si-0 and Si-0-N bonds formed 
during the initial stage of nitridation (discussed in section 
3-I), and left between the Si3N4 particles in the form of the 
Si02 or Si2Nz grains, to control growth of the Si3N4 grains. 

Figure 15 shows the triple point of the Si3N4 grains at 
the point where no oxygen was found; no impurity was 
present in the grain boundaries and the crystal lattices were 
uniformly lined. The upper two grains had no Moire fringes 
and were uniform in the direction of growth, while some 
Moire fringes were observed in the lower right grain bound- 
ary region, due to a slippage of the direction by several 
degrees. As a whole, however, these three grains grew in 
the same direction. 

Figure 16 presents the high-resolution TEM image of the 
position where no oxygen was detected and the lattices of 
the Si3N4 grains ran parallel to the grain boundary, showing 
that these grains were uniform in growth direction. 

It is possible to postulate, based on the above results, that 
the direction in which Si3N4 grains grow on the SIC particles 
affects the growth direction of the other Si3N4 grains nearby. 

Thus it may be concluded that the Si3N4 grains formed 
by the nitridation of S ic  grow faster and are more com- 



Vol.98-448 Journal of the Ceramic Society of Japan, Int. Edition Yasutomi, Y. et al. 

Fig. 12.Analysis of micro-diffraction pattern of the interface area of 
Sic and SigNq. 

by the nihidation of Sic grow faster and are more com- 
patible with other Si3N4 grains when they are free of 
oxygen, and that decreasing the oxygen content of the start- 
ing material increases the bonding strength between the 
Si3N4 grains. 

3-4. Sintering Model 
As discussed in section 3-1, the amorphous Si-0 and 

Si-0-N bonds fonned in the whiskers in the initial stage of 
the sintering process are considered to result from the reduc- 
tion of the oxide films over the starting particles caused by 
the residual carbon present in the dewaxed binder and an 
excessive quantity of carbon present in the SIC particles, 
and from nitridation by nitrogen from the atmosphere. It 
was already confinned that the dewaxed sample contained 
1.2wt% of free carbon and 1.4wt% of oxygen, while the 

Fig. 13.Transmission electron microscopy and electron energy-loss 
spectroscopy showing no trace of oxygen in the Si3N4 crys- 
tals in fully sintered body. 

Fig. 14.Transmission electron microscopy and electron energy-loss 
spectroscopy showing the presence of oxygen in the Si3N4 
region in fully sintered body. 

nitrogen atmosphere gas contained 5ppm or less of oxygen. 
The overall process is considered to consist of the fol- 

lowing reactions, where Am stands for the amorphous state: 
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3SiO(g or Am) + 2Nz(g) + 3CO(g) 
+Si3N4(s) +3COz(g) . . . . . . .  (4) 

2SiO(g or Am) + Nz(g) 
. . . . . . .  + 2SiNO(Am) (5) 

Thus, the SiOz film is generally formed on Si and Sic 
particle surfaces by the oxidation of Si. On the other hand, 
carbon in the graphite portion of the sintering vessel and 
residual carbon in the binder react with traces of oxygen 
present in the nitrogen atmosphere gas to form CO(2). Si02 
is reduced by CO gas into SiO gas or the amorphous Si-0 
bond (3), which reacts, as the sintering process proceeds, 
with N2 and CO to form Si3N4(4), or with N2 to form the 
amorphous Si-N-0 bond (5). The amorphous Si-0-N bond 
further reacts with N2 and CO to form Si3N4. The amor- 
phous SiO and Si-N-0 bonds, though they exist as inter- 
mediates, are eventually converted into Si3N4. 

The main size of reaction-sintered SilN4 is generallv 
Fig. 15.High resolution TEM image showing triple grain junction of very small, lpm or less.8) The Si3N4 in 

SigN4 crystals in fully sintered body. study were also small. mostlv 0.5um or less in size. Thev 

Fig. 16. High resolution TEM image showing SigN4 lattice parallel 
to its grain boundary. 

we; much smaller than, and did not much correspond in 
shape to, the starting Si particles, suggesting that Si3N4 
might be formed from Si via the vapor-phase process. The 
very small shrinkage (about 0.1%) of the sinter, in spite of 
the significant volumetric expansion (23%) associated with 
the nitridation of Si, will support the theory that Si particles 
packed to a high density are not directly expanded in volume 
by the nitridation, but Si3N4 is formed by the nitridation of 
gaseous Si or SiO. It is therefore considered that the 
microstructures of the sinters prepared in this study are rep- 
resented by Si3N4 deposited through a CVD-like process on 
the a-Sic particles, and that the a-Sic and Si3N4 particles 
are bonded to each other at a relatively high bonding 
strength via the interfaces characterized by the uniformly 
configured lattices, as shown in Figs.9 and 11. 

Next, the reaction process is discussed ther- 
modynamically. Consider the conditions under which 
decomposition of SiOz proceeds purely thermally: 

AG" = 215,600 - 41.5T (callmol) 

AGO = 148,246 (callmol) at T = 1623K (1350'C).Based 
on the Henry standard assuming the unity activity of ~ i , ~ '  
AG"IRT = 46, and exp(G"/RT)= atm. Therefore, exp(- 
AG"/RT)= 1 0 - ~ ~ a t m ~ 0 2  is the necessary condition. In other 
words, an oxygen partial pressure of 10-~~atm or less within 
the green body is necessary to sustain thermal decomposi- 
tion of SiOz. Such a high vacuum could not be realized in 
the sintering process considered in this study. 

It is however necessary to take into account the effects 
of C and CO. The residual carbon in the dewaxed green 
body reacts with oxygen present in the nitrogen atmosphere 
gas to form CO. The AG' values at 1673K (1400°C) were 
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Si02tC + SiOtCO 

Si02tC0 + SiO+C02 C. c o  

3SiO(g or Am)+2N2 -. Si3N4t3/202 
3SiO(g or Am)+3C0t2N2 + Si3N4t3C0 

3SiO(g or Am)+3Ct2N2 + Si3N4t3C0 

Sic 6SiNO(g or Am) t6CO + 2Si3N4t6C02 

3Sit2N2 + Si3N4 

residual 0 d 
carbon 

micro-particles 

Amorphous 
SiO. SiNO 

Si02+C0 + SiO(g or Am) tC02 

2SiO(g or Am)+N2 -. 2SiNO(Am) 

Fig. 17. Sintering model of SigNq-bonded SIC ceramics. 

found for the reactions of SiOz with C or CO:") 

SiOz(s) + C(s) -tSiO(g) + CO(g) 

AGO1673 = 12,015 (callmol) 

SiOz(s) + CO(g) +SiO(g) + COz(g) 

AG"1673 = 24,461 (callmol) 

The exp(-AG"/RT) values are 36.6 and 1,568 (atm), 
respectively. Thus, the conditions necessary to sustain the 
reactions are: 

These reactions are possible, judging from their exp(- 
AG"/RT) values.") 

Thus, the major phenomena involved in the overall 
nimdation process are the reaction of SiOz with C or CO, 
or the formation of SiO by the decomposition of SiOz, and 
the reaction of SiO with N2 to form Si3N4. 

Figure 17 summarizes the results, to propose the reaction 
models. 

It is necessary to extend the study scope to the quan- 
titative analysis of the effects of free carbon and oxygen, to 
understand the reaction rate of each step and the factors that 
determine the reaction rate. 

exp (-AG/RT) = 36.6 (am) > Psio(p).Pco(p), and 4. Conclusions 

exp (-AG'/RT) = 1,568 (atm) > Ps~o(~,Pco~(J /Pco(~). 

SiO(g) formed by the above reactions reacts with N2(g) 
in the atmosphere to form Si3N4 by the following reactions: 

3SiO(g) + 3CO(g) + 2N2(g) + Si3N4(s) + 3COz(g) 

AG-1673 = 11,856 (callmol) 

exp (-AG"/RT) = 35.4 (atm) 

>PCO~~(~)I[PS~O~(~).PMVC~~(~).~~~(~)I, or 

3SiO(g) + 3C(s) + 2N2(g) + Si3N4(s) + 3CO(g) 

AG"1673 = -23,403 (caVmol) 

exp (-AG"/RT) = 8.76 x 10-~(atm) 

>PCO~(~)I[PS~O~(~)~~~N~~(~)I 

Si3N4-bonded Sic ceramic samples with a sintering-in- 
duced shrinkage of 0.13% and bending strength of 350MPa 
were analyzed by scanning and transmission electron micro- 
scopes, to investigate the sintering mechanisms and grain 
boundary structures. 

1) In the production process of Si3N4-bonded Sic, whisk- 
er-like features with an amorphous Si-0 or Si-0-N bond are 
formed, in addition to the Si3N4 grains, on the SIC particles 
during the initial stage of sintering. 

2) Heating the sample to the final sintering temperature 
of 1350°C causes the microcrystalline Si3N4 grains to grow 
epitaxially in the vapor phase over the Sic particles, with 
the amorphous whisker-like features formed during the ini- 
tial stage vanishing. 

3) No oxygen inclusion is found in the interfaces between 
the S ic  grains and the epitaxially grown Si3N4 micrograins. 

4) The Si3N4 grains formed from Si are larger and more 
compatible with each other when they are free of oxygen. 
The grain growth tends to be controlled in the section which 
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contains a large quantity of oxygen. 
5) The thermodynamic discussion indicates that the SiOz 

films on the starting particles react with C or CO into SiO 
gas, which reacts with nitrogen to form Si3N4. 

6) The small sintering-induced shrinkage may be ac- 
counted for by the vapor-phase growth of the Si3N4 grains 
which are deposited on the S ic  particles. 

7) The increased strength results conceivably from good 
compatibility between the Si3N4 and Sic grains which are 
directly bonded to each other, and microcrystalline Si3N4 

grains. 

Acknowledgments 
The authors thank Dr. W. Dolon of Ford's Scientific Research Laboratory, 

and Messrs. Y. Ueki and M. Goto of Hitachi Technological Research Center 

for their cooperation 

References: 
I) Y. Yasutomi. H. Kita, H. Nakamura and M. Sobue, Development of 

High-Strength Si3N4-Bonded Sic Ceramics. J. Ceram. Soc. Japan, 
96, 783-88 (1988). 

2) Y. Yasutomi, M. Sobue and T. Miyoshi, Development of High 
Strength Si3N4 Bonded Sic Engineering Ceramics: to be published 

in the Proceedings of The First International SAMPE Symposium, 

Society for the Advancement of Material and Pmcess Engineering, 

Japan, 1989. 

3) Y. Ikuhara, H. Ueno and H. Yoshinaga: Mechanical Properties of 
Newly Developed Si3N4-Sic Composite Material with Relatively 

High Flexibility, Yogyo-Kyokai-Shi, 93, 409-17 (1985). 

4) T. Kandori, S. Kobayashi, S. Wada and 0. Kamigaito. Sic  Whisker 

Reinforced Si3N4 Composites, 1. Mater. Sci.. 135658 (1987). 

5) A. Lightfoot, B.W. Sheldom, J.H. F i t  and J.S. Haggerty, Nitriding 
Kinetics of Si-Sic Powder Mixtures as Simulations of Reaction 

Bonded Si3N4-Sic Composites: to be published in the Proceeding of 

the 13th Annual Conference on Composites and Advanced Ceramics, 

Engineering Ceramics Division Meeting, American Ceramic Society, 

Cocoa Beach, 1989. 

6) P.B. Hirsh, A. Howie, R.B. Nicholson. D.W. Pashley and M.J. 
Whelm, Electron Microscopy of Thin Crystals, Appendix 4, Butter- 

worths (1965). 

7) A.H. Heuer, G.A. Fryburg, L.U. Ogbuji, T.E. Michell and S. 
Shinozaki, ba Transformation in Polycrystalliine SIC: I, Microst- 

~ c t u r a l  Aspects, J.Am. Ceram. Soc., 61,9-10,406-12 (1978). 

8) S. Shinozaki and M.E. Milberg, Electron Microscopy Study of the 
Effect of Iron in Reaction-Sintered Silicon Nitride, J.Am. Ceram. 

Soc., 64.7, 382-85 (1981). 

9) Barrow, Physical Chemistry, Vo1.2, Chap.21, Tokyo Kagaku Dojin 
(1976). 

10) S. Zhang, and W.R. Canon, Preparation of Silicon Nitride from 
Silica, J. Am. Ceram. Soc., 67, 10, 691-95 (1984). 

11) H. Wada and M.J. Wang, Ceramic Whiskers Synthesis and Phase 
Stability in the Si-C-N-0 System. The Proceeding of the Intemation- 

a1 Conference on Whisker and Fiber-Toughened Ceramics. ASM Int., 

63-72 (1988). 

This anicle is a full translation of the article which appeared in Nippon 

Seramikkusu Kyokai Gakujutsu Ronhunshi (Japanese version), Vo1.98, 

No.5, 1990. 



Journal of the Ceramic Society of Japan, Int. Edition Matsushita, J. er al. 
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The effect of Cr3Cz additive was investigated on the 
sintering process of TiB2. The 5 to 7.5wt% of Cr3Cz well 
functioned to improve the relative density, the bending 
strength and Vickers hardness. According to the X-ray 
diffraction data, T ic  and CrB were formed at  the grain 
boundaries of TiBz. Also, the solid solution between TiBz 
and Cr3C2 was recognized. The SEM observation sup- 
ported that a liquid phase was significantly concerned in 
the sintering of TiB2. The sintering behavior of TiBz was 
discussed on the microstructural and compositional 
viewpoints. 
[Received September 21, 1989; Accepted December 11, 
19891 

Key-words: TiB2, Cr3C2, Pressureless sintering, Den- 
sification, Microstructure, Solid solution 

1. Introduction 

Because of its high melting point, high hardness and 
good electrical conductivity, TiB2 has potential uses for cut- 
ting tools, heat resistant material and abrasion resistant 
material. 

Among the reports on the sintering of TiB2 published in 
recent years, Watanabe et al.') found that sintered body of 
TiB2 having high density and high strength was obtained by 
adding COB or TaBz to TiBz and hot press sintering, and 
Nishiyama et al." reported that the addition of Ni-Zr alloy 
was effective for the densification of TiB2 sintered bodies. 

The authors have carried out a series of studies aimed at 
the pressureless sintering of TiB2, and reported3) that the 

addition of Cr3C2 to TiB2 promoted the densification of 
sintered TiB2. However, the function of Cr3Cz in the den- 
sification process of TiB2-Cr3C2 system ceramics could not 
be clarified. In our present paper, we report the results of 
further detailed investigations on the effect of added Cr3C2 
in TiBz sintering and discuss the mechanism of densifica- 
tion. 

2. Experimental Procedure 

The starting materials were TiBz powders produced by 
Cerac Co. and Cr3C2 powders produced by Soekawa 
Rikagaku Co., the average particle sizes and chemical com- 
positions of which are given in Table 1. The data were 
supplied by the manufacturers. The particle sizes of the 
powders were measured using an automatic particle size 
analyzer (Micro-truck size analyzer, Leeds & Northrup Co.), 
and the results are shown in Fig.1. The particle size of TiB2 
powder was centered at around 5 ~ m  and that of Cr3C2 at 
around 1 8 ~ m .  The oxygen and carbon contents in the pow- 
ders were measured using an oxygen and carbon analyzer 
(Leco Co.) and the results are given in Table 2. 

The powders were blended in the required ratio and wet- 
mixed in ethanol for 24hr using a plastic container and nylon 
balls. After drying, the mixture was formed with a press 
under 30MPa. and. finally formed in the required shape 
under CIP at 300MPa. The green bodies were packed in a 
carbon container, which was placed in an electric furnace of 
the resistance heating type (carbon heating elements), and 
the green bodies were sintered at 1900'C for lhr under an 
argon atmosphere. The heating rate was 1S0C/min. After 
sintering, the sintered bodies were furnace-cooled under 

Table 1. Average particle and chemical composition of raw materials. 
...... : TiB. 

-: cr,c. 
Material Average Composition ( wt% ) 

s i r e  ( p m  I u 
5 

TiBa 2.65 D:30.50, A1:O.l. Fe:0.2 LI 

Mg:0.30, Cr:0.001, Si:0.3 a 

Cr.C. 7.5 Cr:86.2, Fe:0.07, Si:0.008 

Total carbon:13.1 100 

Free carb0n:O.Z cq,,ivale,,t sp l~er ica l  dlameter 1P.I 

Fig.1. particle size distribution of raw materials. 
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Table 2. Total oxygen and carbon contents of raw materials. range of 5 to 7.5wt%. These results indicate that both 
properties could be remarkably improved in comparison to 

Material Total oxygen( wt%, Total carbon(wt$, those of sintered TiBz without CnCz. With an increase of 
Cr3C2 content beyond the maximum value range, however, 

TiB1 0.9 0.6 both the bending strength and Vickers hardness tended to 

CTIC.  0.2 - decrease in spite of the continued increase of density. 

3-2. Phase Change During Sintering 
Cr3C2 was added to TiB2 at 7.5wt% and fired at 1100", 

1300" and 19WC. Powder X-ray diffraction patterns were 
obtained for these samples, as shown in Fig.5. In the case 
of the sample fired at I IWC,  only the diffraction peaks for 
TiB2 and Cr3C2, both starting materials, were detected. In 
the case of the sample fired at 1300"C, the diffraction peaks 
for Cr3C2 disappeared, and those for CrB and Tic, although 
broad, appeared, in addition to those for T i 2 .  In the case 
of the sample fired at 190WC, sharp diffraction peaks for 
CrB and Tic were found, in addition to those for TiBz. 

The results above suggest that CrB and Tic formed in 
the TiB2 matrix formed a liquid phase and significantly 
accelerated the intergranular diffusion of TiB2, promoting 
the sintering and densification of TiB2. These results will 
be discussed in detail later. 

- 100 * - 
h 90- 
CI 
.?I V1 

4 
-3 

70- 
.ri 4- 

m 
4 60- 
a 

Fig. 2. Relative density as a function of Cr3Cz content. I I 
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C r , C ,  c o n t e n t  ( w t % )  

3. Experimental Results - 

- 
a 300- 
Z - 

argon. c 

The density, bending strength and Vickers hardness of the t" 

sintered bodies were measured by the same methods as in 9 200 -  

our previous study.3' 
U 

The crystalline phases in the sintered bodies were iden- 
t" 

tified by powder X-ray diffraction, with samples prepared 'Z! roo- 
m 

by crushing the sintered body. A powder X-ray diffraction Q 

apparatus (model IIRA, Nippon Denshi Co.) was used with 
CuKa radiation (filter: Ni). For the X-ray analysis of the 

7-2 / '.--. 
Q/" 

o l l l l m " l " l l l l  
sample surface, a model JCMA 733 (Nippon Denshi Co.) 10 

was used to observe the microshuctures, an optical micro- cr,c, content ( ~ t % )  

scope (model 104, Nikon Co.) and a scanning electron 
microscope (model S530, Hitachi Corp.) were used. Fig.3. Bending strength as a function of Cr3C2 content. 

m 

- 
3-1. Effect of Cr3C2 Addition on Density, Bending 

Strength, and Vickers Hardness of Sintered TiB2 z 20 i ;  Using the sintered bodies obtained by adding Cr3C2 to a 
TiB2 and sintering at 1900°C for Ihr, we investigated the c 
relationship between Cr3C2 content and the relative density, 
bending strength and Vickers hardness of the sintered 2 l o  
body.3) The results are shown in Figs.2 to 4. As seen in Y 

.r( 

Fig.2, when the CnC2 content is higher than 5wt%, the 
relative density based on the density of sintered TiB2 

' 

without Cr3C2 addition increased to more than 95%. This 

r' O\O 

0 yo 
o " " ' ~ ' " " ~ ' ~  

result indicated that a sintered body of TiB2 of high density 10 

could be obtained by the addition of Cr3C2. As seen in C r , C .  co~iterlt ( w t % )  

Figs.3 and 4, both bending strength and Wckers hardness 
had the maximum values when Cr3C2 content was in the Fig.4. Veckers hardness as a function of C5C2 content. 
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2 0 (degree) Cu Ka .: C r l l  A: Tic 

Fig.5. X-ray diffraction pattenns for (a) TiBp-7.5wt0/. Cr3Cp 
material sintered at 11 0O0C, (b) TiB2-7.5Wh Cr3Cp material 
sintered at 1300°C and (c) Ti&-7. 5wt% Cr3Cp material 
sintered at 1900°C. 

Fig.6. Microphotograph of polished surface of Ti&-7.5W% Cr3Cp 
composite sintered at 1900°C after etching chemically by 
HN03 liquids. 

4. Discussion 

4-1. Mechanical Properties and Microstructure 
A sintered body of TiBz with a Cr3C2 content of 5wt% 

sintered at 1900°C was surface etched with HN03 and ob- 
served with an optical microscope. The photograph in Fig.6 
clearly shows that no remarkable grain growth of the TiBz 
grains of 2 to 31m size with rounded shapes has occurred, 
and the grain sizes are distributed in a narrow size range. 

Three sintered bodies of TiBz were prepared, one was 
TiBz without Cr3Cz content and sintered at 1900"C, and the 
other two were TiBz with Cr3Cz contents of 5 and 10wt% 
and sintered at 1900°C. The fracture surfaces of the sintered 
bodies were observed using a scanning electron microscope 
(SEM). The photographs obtained are shown in Fig.7. It 
can be seen that the sample was fractured predominantly at 
the grain boundary in the case of the sintered body of TiB2 
without Cr3Cz content, but the sample was fractured inside 
the grains in the case of the sintered body of TiBz with a 
CrjC2 content of 10~1%. 

Fig.7. Scammomg e;ectron micrographs of fracture surface of (a) 
lisp-100wt%, (b) TBp-5wPh Cr3C2 and (c) lisp-lOW/, 
Cr3C2 composites sintered at 1900°C. 

Fig.8. Scanning electron micrograph of polished surface of TiBp- 
5wt% Cr3C2 composite sintered at 1900°C after etching 
chemically by HN03 liquids. 

Figure 8 shows a SEM image of the microstructure on 
the surface etched with HN03 of the sintered body of TiBz 
with a Cr3Cz content of 5wt%. Clearly the TiBz grains are 
surrounded by continuous grain boundary phase, so they 
have not grown much. Additionally, a different phase indi- 
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.9. Scanning electron micrograph of polished surface of TBp- 
10wt% CrC2 composite sintered at 1900°C afler etching 
chemically by HNO3 liquids. 

1.10. Scanning electron micrograph and X-ray image 
micrographs of TiB2-7.5wPh Cr3C2 composite sintered at 
1900°C. (a) Microstructure, (b) The distribution of Cr ele- 
ment and (c) The distribution of Ti element. 

Cu-Ka 2 8  Ideg.1 

Fig.11. X-ray diffraction patterns of TiBp(201). (a) TiB2-7.5wt% 
Cr3C2 raw material and (b) TB2-7.5Wh Cr3C2 composite 
sintered at 1900°C. 

cated by area A in the figure was formed in the neighbor- 
hood of the TiBz grains, which is assumed to be a 
precipitated phase. This new phase increased in quantity 
with an increase in Cr3Cz content, and in the case of the 
sintered body of TiBz with Cr3Cz content of IOwt%, this 
precipitated phase was observed in a fairly large quantity, 
including areas of remarkably large size as shown in area A 
in Fig.9. These phenomena suggest the presence of a liquid 
phase in the grain boundary of TiB2. 

As previously observed in Figs.2 to 4, the addition of 
Cr3C2 to TiBz of more than 5wt% increased the density of 
sintered TiBz, but more than 7.5wt% tended to decrease the 
bending strength and the Vickers hardness of sintered TiBz. 

Presumably the cause of such behavior is that pre- 
cipitated phase formed around the TiBz grain increased 
remarkably in quantity with the increase of Cr3Cz content, 
and the increased amount of precipitated phase decreased 
the bending strength and the Vickers hardness of the sintered 
body of TiB2. 

Figure 10 shows the results of X-ray surface analysis of 
the sintered TiBz body with CnCz content of 7.5wt%. From 
Figs.10 (a) to (c), this precipitated phase was proved to 
contain a large quantity of Cr. 

Figure 11 shows X-ray diffraction peaks for TiB2 on the 
(201) plane. It is seen that the diffraction peaks of the 
sintered body of TiB2 with CnCz added have shifted 
towards higher angles from the position for the TiB2 starting 
powder. We assume that the unit lattice of the TiBz crystal 
in the sample contracted due to the solid solution of Cr into 
TiB2, so the diffraction peaks for TiB2 shifted towards 
higher angles. 

Judging from the behavior discussed above, we can es- 
timate the formation of the Cr solid solution in TiBz. 

4-2. Sintering Behavior and Densification 
As mentioned in section 4-1, we assume Ti2 with CnC2 

added was densified due to the generation of a liquid phase 
in the TiBz matrix, that is, TiBz grains in matrix were sur- 
rounded by this liquid phase and Ti and B atoms dissolved 
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into this liquid phase, resulting in acceleration of diffusion 
among TiB2 grains. We further assume that CrB and Tic 
were formed through this liquid phase to form a mixed 
phase in the grain boundary phase, and a part of this mixed 
phase formed a solid solution with TiBz. 

Therefore, a sintered body of TiBz having increased den- 
sity, high strength and high hardness can be obtained by the 
addition of Cr3Cz to TiB2. 

5. Conclusions 

The authors investigated the sintering behavior of TiB2 
with Cr3Cz added, and obtained the following results. 

1) Then TiB2 with Cr3C2 added was sintered, TiB2 and 
Cr3C2 reacted to produce CrB and Tic phases, which 
formed a liquid phase which promoted the sintering of TiBz, 
resulting in densification of the sintered body TiB2. 

2) Some of the added Cr3Cz reacted with TiBz, forming 

a solid solution. 
3) The grain boundary phase and the precipitated phase 

in the sintered body of TiBz with Cr3Cz consisted of a 
mixture of CrB and Tic. 

4) The increased amount and the grain growth of the 
precipitated phase caused a reduction in the bending 
strength and Vickers hardness. 
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Ammonium aluminum carbonate hydroxide (AACH) as 
starting material to obtain a-alumina fine powders was 
synthesized between aqueous solutions of ammonium 
hydrogen carbonate (AHC) and ammonium alum (AA). 
The effects of pH of the AHC aqueous solution and reac- 
tion temperature on the formation of AACH were dis- 
cussed. Three  products ,  amorphous  aluminum 
hydroxide, pseudoboehmite (=low crystalline boehmite) 
and AACH were formed depending on pH. AACH was 
mainly formed in alkaline aqueous solutions. The op- 
timum synthetic condition of AACH was discussed in 
terms of the relation between pH and concentration of 
species calculated by the master variable technique of 
ionic equilibrium in AHC and AA aqueous solutions. 
NH~+,  AIO(0H)i and HCO3- species were necessary to 
form AACH. Crystallite size of AACH decreased with 
increasing concentrations of ionic species, [NH~']. 
[AIO(OH)2'].[HC03-] and decreasing reaction tempera- 
ture. Homogeneous, spherical a-alumina particles with 
a particle size of 0.2ym were obtained by firing at  1050°C 
for 6hr from the AACH with a crystallite size of 50 syn- 
thesized at  a pH of 10.0 at  5°C. 
[Received September 29, 1989; Accepted January 25, 19901 

Key-words: Ammonium aluminum carbonate hydroxide 
(AACH), Synthesis, pH, Master variable technique, Crystal- 
lite size. a-alumina 

1. Introduction 

Alumina used in transparent ceramics and single crystals 
for laser elements has high purity and fine, uniform par- 
ticles.lx2) Alumina for such purposes has been produced by 
a variety of processes, including the thermal decomposition 
of ammonium alum, hydrolysis of organic metals, ethylene 
chlorohydrin process, underwater spark discharge, thermal 
decomposition of ammonium aluminum carbonates, and a 
modified Bayer process.3) All these processes fire the start- 
ing salt to produce a-alumina. Kato suggested that the 
sinterability of a-alumina is greatly determined by the 
chemical composition of the starting salt:) and it is accepted 
that the thermal decomposition of ammonium carbonate 
gives, in general, a-alumina with the highest sinterability. 
The authors studied a process for producing artificial, 

polycrystalline ruby, finding that the best starting material 
among those studied was a solid solution of fine a-alumina 
powder containing 1.2wt% of Cn03, prepared by the ther- 
mal decomposition of an ammonium carbonate. The ther- 
mal decomposition of ammonium carbonate is a process in 
which aqueous solutions of ammonium hydrogen carbonate 
(NH4HC03) and ammonium alum (NH4Al(S04)2) are 
reacted to form ammonium aluminum carbonate hydroxide 
(NH3AlO (OH)HC03), which is thermally decomposed to 
form a-a~umina.~) The important process conditions are the 
pH of the reactant solutions, the ionic species present in 
these solutions, and their  concentration^.^) However, these 
were not discussed sufficiently to clarify the optimum 
conditions. In this study, the authors investigated the effects 
of pH of the reactant solution and reaction temperature on 
the formation of ammonium aluminum carbonate 
hydroxide, with the objective of producing fine, uniformly 
shaped a-alumina particles, and discuss the effects of the 
ionic species present in the reactant solution, and the effects 
of the process conditions on the transformation temperature 
of a-alumina. 

2. Experimental Procedure 

2-1. Preparation of Ammonium Aluminum Carbonate 
Hydroxide 

The starting materials for the synthesis of ammonium 
aluminum carbonate hydroxide, NH4AIO(OH)HC03, 
(AACH) were ammonium hydrogen carbonate (NH4HC03, 
Wako Junyaku, first grade), and ammonium alum (NH4- 
AI(S04)2.12H20, Wako Junyaku, special grade). 

AACH was prepared by adding an aqueous solution of 
ammonium alum (O.lmol/l) dropwise to an aqueous solution 
of ammonium hydrogen carbonate (1.5mol/l).~) The 
aqueous solutions of ammonium hydrogen carbonate and 
ammonium alum are referred to as aqueous AHC and AA 
solutions. The aqueous AHC solution was kept in a pH 
range from 7.0 to 12.0 with HCI (lmol/l) and NH40H 
(4molfi), and the reaction temperature was 5 to 60°C. The 
concentrations of the aqueous AHC and AA solutions were 
chosen because of the optimum AHCIAA ratio of 10 to 
15mol/mol for the formation of a-alumina of good 
sinterability, proposed by Kato et a1.:) and also to keep them 
below the solubilities at 5'C. 

Preparation of AACH: lOOml of the aqueous AHC solu- 
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Fig. 1. X-ray diffraction patterns of products, (a): amorphous 
product, (b): pseudoboehmite (=low crystalline boehmite), 
(c): ammonium aluminum carbonate hydroxide (AACH). 

tion at a given pH was put into a beaker at a given tempera- 
ture, and lOOml of the aqueous AA solution was added at 
8.2mllmin. with stimng by a magnetic stirrer, to form the 
precipitate. The precipitate, after standing for 3Omin, was 
suction filtered, washed with ammonia water kept at the 
same pH as that of the aqueous AHC solution, and dried for 
24h under a vacuum at room temperature. 

The dried powder was analyzed by X-ray diffractometry 
(Philips, PW1730 diffractometer), to identify the products. 
The grain size of the AACH powder at the (1 10) face was 
determined using the Schemer equation?) It was also 
analyzed by a scanning electron microscope (SEM, Hitachi, 
S-800) to observe the grain shapes. 

2-2. -Preparation of a-A1203 by Thermal Decomposition 
of AACH 

AACH powders prepared under various conditions were 
fired for 6h at given temperature levels (1000". 1050". 1100" 
and 1150"C), to investigate the transformation temperature 
of a-A1203 in the formation of a-A1203 by the thermal 
decomposition of AACH. Each sample was heated at 
200"C/h up to 1000"C, and at lWC/h thereafter. The heat- 
treated samples were analyzed by X-ray diffractometry to 
identify the products, and those completely transformed into 
a-A1203 were analyzed by SEM, to observe the particle 
shapes. 

3. Results 

o  o  o  o  
h 

U 
0 0 0 0  

Ammonium aluminum 
carbonate hydroxide 

0 0 0 0  
( A A C H )  

o  o  o  o  
c Pseudoboehrnite 

0 0 0 0  

phous 

pH of ammonium hydrogen carbonate 
( A H  C ) aqueous solution 

Fig. 2. Formation region of amorphous aluminum hydroxide, pseu- 
doboehmite (=low crystalline boehmite) and ammonium 
aluminum carbonate hydroxide (AACH) of as a function of 
reaction temperature and the pH of AHC aqueous solution. 

crystalline boehmite (pseudo-boehmite)lo) or ammonium 
aluminum carbonate hydroxide (AACH).~) The amor- 
phous product resulted when the aqueous AHC solution 
was nearly neutral, irrespective of reaction tempera- 
ture.The aqueous AA solution was at pH 3, containing, so 
long as it remained acidic, hexa-aquoaluminum ions 
([AI(H~o)~]~+],  referred to as A I ~ + ,  as discussed later. It is 
considered that A I ~ '  forms aluminum hydroxide (AI(OH)3), 
when its aqueous solution is nearly neutral, i.e., when an 
aqueous AA solution is added dropwise to a neutral aqueous 
AHC solution,") from which it was decided that the amor- 
phous product was .amorphous aluminum hydroxide. Fig- 
ure 2 shows the regions of formation of amorphous 
aluminum hydroxide, pseudo-boehmite and AACH as a 
function of the pH of the reactant solution (7.0 to 12.0) and 
reaction temperature (5 to 60"C), indicating that increasing 
temperature accelerated the formation of AACH when the 
AHC solution was at a pH in a range from 7.6 to 8.5 and 
that AACH was formed at any temperature used in this study 
(5 to 60°C) when the AHC solution was at a pH of 9 or 
higher. 

Figure 3 shows an SEM photograph of the AACH pow- 
der prepared from an aqueous AHC solution at pH 10 and 
5°C reaction temperature, as an example of AACH powders. 
It consisted of fine particles of about 0.2pm in size. The 
AACH powders were quite similar to each other in particle 
size and shape, irrespective of the conditions (pH of the 
aqueous AHC solution and reaction temperature) under 
which they were prepared. 

3-2. Preparation of c(-A1203 by Thermal Decomposition 
3-1. Preparation of AACH of AACH 

The product of the reaction between the aqueous AHC Table 1 shows the temperatures at which the AACH 
and AA solutions was either an amorphous product, or low- samples prepared under various conditions were trans- 
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formed completely into the a-A1203 phase, when heated at 
given temperatures for 6h. It was found that, at a reaction 
temperature of 20°C using an aqueous AHC solution at pH 
10.0, AACH was transformed completely into the a phase 
at the lowest temperature of 1050'C. It was also found that 
with an aqueous AHC solution pH 10 and reaction tempera- 

Fig. 3. SEM photograph of AACH powder synthesized at a pH of 
10.0 at 5'C. 

ture of 60'C, the transformation temperature at which 
AACH was transformed into the a phase tended to increase 
to 1100°C. Figure 4 shows the SEM photographs of the 
a-A1203 samples prepared by sintering the AACH powder 
under the conditions given in Table 1. The heat treatment 
temperature and holding time were the same as those given 
in Table 1 as conditions under which each AACH sample 
was transformed completely into a-A1203. The results in- 
dicated that, of the samples prepared at various pH of the 
aqueous AHC solution and a constant reaction temperature 
of 20'C (Figs. 4(a), (c), and (e)), the a-Al203 sample which 
had the smallest particle size was that synthesized by fuing 

Table 1 .a-alumina transformation temperature of synthesized AACH 
powders. 

Fig. 4. SEM photographs of a-Alp03 powders obtained by firing from synthesized ammonium aluminum carbonate hydroxide (AACH) 
powders. The pH of ammonium hydrogen carbonate (AHC) aqueous solution, reaction temperature: (a) 8.1. 20°C (b) 10.0. PC, (c) 
10.0, 20°C, (d) 10.0, 60% and (e) 12.0, 20°C. 
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1.Smolll AHC ( N ~ H C O J )  aqueous solution 

Fig. 5. Relationship between pH and concentration of species cal- 
culated by the master variable technique of ionic equilibrium 
in 1.5molIl AHC aqueous solution. 

the AACH sample, prepared at pH 10.0, at 1050°C for 6h 
(Fig. 4(c)). It was also found that, of the samples prepared 
at various reaction temperatures and a constant pH level of 
10.0 (Figs. 4(b), (c) and (d)), the one with the largest particle 
size was that synthesized by firing the AACH sample 
prepared at 60°C at 1100°C for 6h, and the particles were 
bonded to each other (Fig. 4(e)). In conclusion, the a- 
,41203 sample with the smallest particles (about 0.2pm) 
uniformly shaped and not connected to each other was that 
from the AACH sample prepared fmm the aqueous AHC 
solution at pH 10.0 and reaction temperature of 5"C, which 
was fired at 1050°C for 6h. 

Hz0 tt H+ + OH- 
K = [H+].[oH-] = I O ' ~  (mo12/12) . . . . . . . (4) 

where, [ ] represents the concentration of each chemical 
species. Knowing that the concentration of the aqueous 
AHC solution used in this study is 1.5mol/l, the following 
equations will be the mass balance conditions: 

Figure 5 presents the master variable diagram of the 
ionic equilibrium in the aqueous AHC solution for the con- 
centrations of the chemical species of [NH3], [NH~'], 
[H2CO3], [HCOY] and [co?-] at each pH level. 

Figure 6 presents the master variable diagram for the 
ionic equilibrium in the aqueous AA solution, where only 
A I ~ + ,  AI(OH)3 and AIO(0H)z- are selected as the variables 
controlling the formation of AACH. This diagram was 
drawn in the same manner as that for the aqueous AHC 
solution, shown in Fig. 5. It is assumed that AA is dis- 
sociated into NH~', A I ~ +  and .Sod2-, and the equations (7) 
and (8), in addition to (4). hold for the equilibrium con- 
stants'": 

4. Discussion 

As discussed in Section 3.1, increasing temperature ac- 
celerated the formation of AACH when the AHC solution 
was at a pH in a range from 7.6 to 8.5 and AACH was 
formed at any temperature used in this study (5 to 60°C) 
when the aqueous AHC solution was at a pH of 9 or higher. 
In view of these results, the AACH formation conditions are 
discussed using the master variable technique for ionic equi- 
librium in an aqueous s~lution. '~) When the aqueous AHC 
solution reacts with the aqueous AA solution to form 
AACH, dissociation of AHC or AA depends on the pH level 
of the reactant so~ution,~) and the pH level is selected as the 
master variable. It is necessary to understand the relation- 
ship between concenaation of the chemical species present 
in the aqueous AHC solution and pH level of the solution, 
in order to establish the master variable diagram for the 
ionic equilibrium in the aqueous AHC solution. It is as- 
sumed that AHC is dissociated into N H ~ +  and HCO3' in an 
aqueous solution, and the followin equilibria will exist at 
25-C in the aqueous AHC solutionh': 

Olrnolll A A  (NHLAl(Mq)2) aqueous solution 

I Amprphws Ammonium aluminum - alurn~num hydroxide carbonate hydroxide 

T 1 ( A A C H )  - Pseudoboehmi te 

Fig. 6. Relationship belween pH and concentration of species cal- 
culated by the master variable technique of ionic equilibrium 
in O.lmol/l AA aqueous solution. 
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Knowing that the concentration of the aqueous AA solu- 
tion used in this study is 1.5mol/l, the following equations 
will be the mass balance: 

The AACH formation conditions are discussed based on 
the master variable diagrams for the ionic equilibrium in the 
aqueous AHC and AA solutions, and the dependence of the 
amorphous aluminum hydroxide, pseudo-boehmite and 
AACH formation regions on the pH level of the reactant 
solution. 

The master variable diagram, shown in Fig. 5, indicates 
that the region in which AACH is formed is in the vicinity 
of the system points of NH~ '  and HC03-.Kato et al. also 
observed that dawsonite (NaAlO(0H) HC03) with the same 
crystal structure as AACH is formed in the presence of 
HCO~'. '~ '  It is also noted that pseudoboehmite was formed 
near pH 7.0, in spite of the presence of a much larger quan- 
tity of HCO3- than near pH 12.0, which also indicates that 
NH~ '  and HCOY ions are necessary for the formation of 
AACH. 

It was also observed, as shown in Fig. 6, that addition of 
an aqueous AA solution at pH 3 dropwise to an aqueous 
AHC solution at a pH near 7.0 transformed AI~', present in 
the AHC solution, into AI(OH)3. This was accompanied 
by the formation of amorphous aluminum hydroxide, as 
discussed in Section 3-1. Furthermore, the concentration 
of the aluminate ion (AIO(0H)Y) in the aqueous solution 
increased as the pH level increased.Kwon et al. reported 
that AIO(0H)z- is present in the solution in which pseudo- 
boehmite is formed. It was also observed in this study that 
pseudoboehmite was formed in the solution at pH 7.6, when 
AIO(OH)2- was considered to be present in the solution. 
The quantity of AIO(0H)z- increased further in the AACH 
formation region, indicating that AlO(0H)z- was also neces- 
sary for the formation of AACH. 

Kato et al. proposed the following reactions for the for- 
mation of AACH and boehmite: 

These equations suggest the effects of the reactant solu- 
tion on the formation of AACH,~' but do not suggest ex- 
plicitly the effects of pH level of the reactant solution or the 
ionic species involved in the reactions. For AACH to be 
formed, the ionic species of NH~', HC03- and AIO(0H)i 
must be present in the reactant solution, as indicated by the 
master variable diagrams for the ionic equilibrium in the 
aqueous AHC and AA solutions, shown in Figs. 5 and 6 .  It 
is also necessary to take into account the effects of OH-, 
because AACH was found to be formed in an alkaline AHC 

I Reaction temperature 

,-lo6 
8 9 10 11 12 

pH of ammonium hydrogen carbonate 
( A H C )  aqueous solution 

Fig. 7. Change of crystallite size of synthesized AACH and 
[ N H ~ + ] . [ A ~ ( O H ) ~ ] [ H C O ~ ]  calculated by the master vari- 
able technique of ionic equilibrium in AHC and AA aqueous 
solutions as a function of pH of AHC aqueous solution. 

solution, as shown in Fig. 2. 
These discussions have led to the proposal of the fol- 

lowing equations for the formation of AACH and pseu- 
doboehmite: 

NH~ '  + AlO(0H)z- + HC03- 
+ NH4AIO(OH)HC03 + OH- . . . . . (13) 

AIO(0H)z- +AIO(OH) + OH- . . . . . (14) 

These equations show that AACH is formed by the reac- 
tions of AIO(0H)z-, NH~' and HC03-, and pseudoboehmite 
is formed by releasing OH- from AIO(0H)z-. 

Next, the effects of AACH (ammonium aluminum car- 
bonate hydroxide) formation conditions on the crystallinity 
of AACH are discussed. Figure 7 shows the effects of the 
pH of aqueous ammonium hydrogen carbonate (AHC) solu- 
tion on the AACH crystallite size, and on the product of 
NH~', AlO(0H)z- and HC03- concentrations estimated by 
the master variable diagrams shown in Figs. 5 and 6. As 
shown, the maximum concentration product of the ions 
necessary for AACH formation and minimum crystallite 
size were at the same pH level; thus, the aqueous AHC 
solution prepared at pH 10.0 and temperature 5°C gave the 
minimum AACH crystallite size of about 50. 

It is considered that AACH, deposited during the precip- 
itation reactions, increased in supersolubility in the reactant 
solution, as the concentration product of NH~', AIO(0H)z- 
and HC03- necessary for the formation of AACH increased. 
It is also considered that the supersolubility increased as the 
reaction temperature decreased at the same pH level, as the 
solubility of a solid generally. Therefore, as the AACH 
solution increased in supersolubility, AACH decreased in 
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crystallite size, resulting from the accelerated formation of 
the fine nuclei. 

Table 1 suggests that ammonium aluminum carbonate 
hydroxide (AACH) of smaller crystallites was transformed 
into a-AI203 at a lower temperature. AACH of finer crys- 
tallites, having a larger number of asymmetric structure 
positions within the grains, is considered to be transformed 
into a-A1203 at a lower temperature, because of a larger 
number of decomposition nuclei for the thermal decomposi- 
tion process.15) 

Thus, the thermal decomposition of AACH under the 
optimum conditions formed fine a-A1203 grains of about 
0.2pm in size. 

5. Conclusions 

Ammonium aluminum carbonate hydroxide (AACH), 
prepared by reacting aqueous solutions of ammonium 
hydrogen carbonate (AHC) and ammonium alum (AA), was 
thermally decomposed to form fine a-A1203 particles, in 
order to identify optimum pH level of the AHC solution and 
reaction temperature for the formation of AACH. 

1) The aqueous AHC solution, when reacted with the 
aqueous AA solution, produced amorphous aluminum 
hydroxide, pseudoboehmite or AACH, depending on the pH 
level of the reactant solution. AACH was mainly formed 
when the AHC solution was alkaline. 

2) The conditions under which AACH was formed by the 
reactions between AHC and AA were discussed using the 
master variable technique12) for the ionic equilibrium in the 
aqueous solution. The master variable diagrams for the 
AHC and AA solutions indicated that the NH~', HC03- and 
AlO(OH)2- ionic species were necessary for the formation 
of AACH. The new reaction equations were proposed for 
the formation of AACH, taking OH- ion into account, know- 
ing that AACH was mainly formed when the AHC solution 

:iety of Japan, Int. Edition Hayashi, K .  et a[ .  

was alkaline. The AIO(OH)i, NH~'  and HCOY ions were 
considered to be involved in the formation of AACH. 

3) Increasing the concentration product of AIO(0H)z-, 
NH~' and HC03-, the essential ionic species for the forma- 
tion of AACH, or the reaction temperature, accelerated the 
formation of fine crystalline nuclei, as a result of increased 
supersolubility of the reactant solution, and hence the for- 
mation of fine crystallites of AACH. 
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Ferromagnetic amorphous oxides were prepared by 
rapidly quenching the molten antiferromagnetic ferrite 
BiFe03 containing lithium oxide. The composition range 
giving an amorphous phase in the system of Biz03-Li20- 
Fez03 was found to contain more than 30 mol% Bi203. 
Composition within this range which gave X-ray amor- 
phous phase on quenching were confirmed to be amor- 
phous by X-ray diffraction analysis. Especially, the 
crystallization temperature of the composition 20Li7.0 
.30Bi203. 50Fez03 was observed to be 430, 580 and 
730°C by differential thermal analysis. The saturation 
magnetization and coercive force of this amorphous 
oxide were about 13 emulg at 15kOe and about 1000e 
at  room temperature, respectively. The thermomagnetic 
curve showed irreversible change and the curve was 
slanted near the Curie point. Extrapolation gave the 
Curie temperature at 563°C. 57Fe Mossbauer absorp- 
tion spectra indicated that the amorphous phase is com- 
posed of two phases paramagnetic and ferromagnetic 
having small particles. X-ra photo electron spectros- l b  copy spectra showed that Fe ions exist in both states 
of 6-coordinate site and Qcoordinate plus Ccoordinate 
sites. 
[Received October 8, 1989; Accepted January 25, 19901 

Key-words: Rapidly quenching, Crystallization tempera- 
ture, Saturation magnetization, Coercive force, Curie 
temperature, Mossbauer absorption spectra 

1. Introduction 

A number of study results on magnetic amorphous oxide 
materials have been reported for the past 10 years or so. 
The magnetic amorphous oxides so far prepared experimen- 
tall were paramagnetic or antiferromagnetic. Gyorgy et 
al.' experimentally prepared amorphous thin band with a 
twin roller by heating and melting Y3Fe5012 to 1700- 
1850°C in the air. The product was antiferromagnetic. 
~avill') prepared maghetic amorphous BaO.Fe203.B~O3 
system, which was paramagnetic at room temperature. 
Sugimoto et 4.3) prepared ferromagnetic substances by 
melting and rapidly quenching ferromagnetic or ferromag- 
netic oxide crystals, especially spinel type crystals 
(CoFezO4, CuFepO4) to which phosphorous pentaoxide was 
added as a vitrification accelerator. The resulting amor- 

phous samples had a magnetization value of several emu/g 
at room temperature, which was far lower than that of 
spinel-type ferrite of the parent material. The reason for this 
was thought to be that the saturation magnification and 
Curie temperature of the glass obtained by quenching mol- 
ten ferromagnetic oxide crystals are often consideravely 
reduced due to the disintegration of regular atomic arrange- 
ment. 

On the other hand, Suzuki et a ~ . ~ ' ~ ) ,  noting that the an- 
tiferromagnetic order of magnetic moment is not always 
stable in amorphous conditions, attempted to vitrify antifer- 
romagnetic oxides for producing ferromagnetic substances 
by the following method. Bismuth femte (BiFe03), which 
is antiferromagnetic in the crystalline state, and zinc ferrite 
(Zn FezO4) were mixed, melted, and rapidly quenched. The 
resulting ferromagnetic amorphous femte had a saturation 
magnetization of about 17emuig and a Curie tem rature of 
about 450K at room temperature. lchinose et al%i8), from 
the same viewpoint as Suzuki et al., obtained amorphous 
femtes with a saturation magnetization of about 13emu/g at 
room temperature by rapidly quenching the molten mixture 
of antiferromagnetic BiFe03 and various kinds of Ca fer- 
rites (CaFe204, CaFe407, CaFezO5) by means of a twin 
roller. 

The bismuth-base amorphous femtes studied previously 
are based on antiferromagnetic femtes only. In the present 
study, the effect of magnetization due to the fluctuation of 
antiferromagnetic spin and magnetization due to ferromag- 
netic oxides was investigated on antiferromagnetic bismuth 
femte containing ferromagnetic lithium femte. It was 
found that, in synthesizing molten materials, the melting 
point was lower and the amorphous phase range was wider 
than that of solid solution of other spinel-type ferromagnetic 
oxides. The synthesis method was like the conventional 
method for synthesizing amorphous femtes. Bismuth fer- 
rite containing lithium, which is antiferromagnetic in the 
crystalline state, was synthesized by adding lithium to an- 
tiferromagnetic BiFeOs to give a single-phase sintered body. 
The synthesis of amorphous femte was attempted by melt- 
ing the sintered body and then quickly quenching the molten 
material with a twin roller. To obtain a sintered body with 
homogeneous composition, the sol-gel method, which can 
be easily used for multi-composition systems, was used in- 
stead of the conventional solid-phase reaction method. The 
synthesis conditions of the amorphous femte thus obtained 
and its magnetic properties were investigated.These samples 
were internally analyzed by Mossbauer spectroscopy and 
photoelectron spectroscopy, and the presence of iron ions 
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was investigated. was powdered to 75pm or finer. 

2. Experiment 

2-1. Synthesis of Samples 
The composition of xLiz0.(100-x-y) FezOyyBiz03 (x:O- 

40, y:50-30) was investigated. A twin roller unit (roller 
diameter, 70mm. Material, 18-8 stainless steel. Revolu- 
tions per minute, about 3000rpm.) was used for synthesizing 
amorphous samples. 

The starting materials of iron (11) nitrate (Fe(NO3- 
)3,9H20). lithium nitrate CiN03). and bismuth oxide 
(BizO3) were taken according to the above composition. 
The samples were prepared by the sol-gel method. The 
nitrate of Fe and Li was weighed, and ethylene glycol and 
water were added as solvents. This was then heated and 
stirred at 60°C for 2 hours to produce a uniform solution. 
The solution was dried at 80°C for 4 hours, at 230°C for 6 
hours, and at 350°C for 12 hours, and then allowed to cool 
in an oven. The dried powder to which bismuth oxide was 
then added, was ground into 37pm or smaller size in a 
mortar. The ground powder was heated to the specified 
temperature at a rate of 2.5"CImin and heat-treated for 24 
hours. Drying and heat treatment were carried out in the 
air. The sintered body thus produced was ground again, 
melted at 1200 to 1300°C in the air, and flowed onto the 
twin roller to synthesize the sample. 

The quenched sample was a very brittle film with a width 
of 5-15mm. a length of 15-50mm. and a thickness of 50pm. 
The physical properties of sample were measured after it 

2 0  ( d e g r e e )  ( C u  K a )  

Fig. 1. X-ray diffraction pattern in the system of 20Li20. 30Bi203 
50Fe203. Sintering temperature: 750'C. 

2-2. Analysis 
An X-ray diffraction unit CN2013 (Cu, Ka) supplied by 

Rigaku Corporation was used for the identification of phase 
and setting of conditions for synthesizing sintered bodies. 
The differential thermo-balance TG-DTA, 8078G2 supplied 
by Rigaku Corporation was used for measuring crystal- 
lization temperatures. The measurement was made at a rate 
of 5"CImin from room temperature. The magnetic proper- 
ties of coercive force (Hc) from hysteresis loop at room 
temperature, saturation magnetization (0s). and residual 
magnetization (m) were measured by using the sample 
vibration type magnetization measuring instrument BHV-55 
supplied by Riken Electronics Co., Ltd. Curie points were 
measured in a vacuum of 10-~torr at a rate of 4TImin by 
installing a heating attachment. In all cases, the comparison 
method was used with the Ni standard sample. Tempera- 
tures were measured by using a platinal thermocouple. 

The surface and inside of the film sample were analyzed 
using the photoelectron spectrometer ESCA, JPS-90SX sup- 
plied by JEOL Ltd. The Mossbauer absorption spectra were 
measured by the conventional transmission method using 
the Mossbauer effect measuring unit AMESO supplied by 
Israel Elsinton Co., Ltd. 5 7 ~ o  (25mCi) was used as the 
y-ray source, and pure iron was used as the standard sample. 

3. Experimental Results and Discussion 

3-1. Synthesis of Samples 
The iron materials used were iron nitrate, iron chloride, 

iron oxalate, and iron oxide. The lithium materials used 
were lithium nitrate, lithium chloride, and lithium carbonate. 
The bismuth materials used were bismuth nitrate and bis- 
muth oxide. The iron nitrate and iron chloride dissolved 
well in the solvent (ethylene glycol), while the iron oxalate 
did not. All of the lithium materials dissolved. The bismuth 
nitrate dissolved well in the solvent. but yellow precipitation 
of bismuth oxide readily occurred due to oxidation of nitric 
acid ions during stir by heating. To prevent the system from 
being heterogeneous, bismuth oxide was used; it was mixed 
with the dried materials of lithium and iron, and then fired. 
For chlorides, the analysis of sintered bodies showed 
residual chlorine, and the deposits of y-ferrite and a-lithium 
femte were found on the rapidly quenched samples. There- 
fore, nitrates were used for both iron and lithium. Besides 
the sol-gel method, the solid-phase reaction method was 
used for obtaining sintered bodies by mixing iron oxide, 
lithium carbonate, and bismuth oxide. 

Figure 1 shows the X-ray diffraction patterns of sintered 
bodies that have been heat-treated in the system of 
20Liz0.30Biz03. The iron-lithium mixture dried at 350°C 
had no definite analysis peaks. The dried product, to which 
bismuth oxide was added, was heat-treated at increasing 
temperature. When heat-treated at 600'C. crystals of bis- 
muth-iron complex oxide p-ferrite, and bismuth oxide were 
precipitated. At 750°C a single phase of bismuth ferrite was 
precipitated. At higher heat treatment temperatures, the 
crystals were partially melted and cooled gradually in the 
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Fig. 2. Amorphous formation range in the system of Li20-Bi203- 
Fe203. 

oven, precipitating a-bismuth oxide crystals. With reference 
to the above results, the sintered bodies were prepared at 
750°C so that a single phase product was yielded, and then 
the sintered bodies were melted. 

3-2. Amorphous Formation Range 
Figure 2 shows the amorphous formation range deter- 

mined under the firing condition established in 3-1. Amor- 
phous substances were obtained in the range of Fe2O3, 
30-60mol.%; Biz03, 30-50mo1%; and LizO, 0-50mol%. 
Outside this range, the mixed phase of amorphous substan- 
ces and crystals was obtained. The crystals precipitated 
were p-ferrite, a-lithium ferrite, and a-bismuth oxide. 
When the product of a similar composition range was 
prepared by the solid-phase reaction method using iron 
oxide, lithium carbonate, and bismuth oxide, crystals of P- 
ferrite were precipitated, and the amorphous formation 
range was narrowed at a content of iron oxide above 
50mol%. The reason for this was considered to be that 
nonuniform reaction in the solid-phase reaction method left 
part of the iron oxide unreacted, which changed into P-fer- 
rite. 

3-3. Magnetic Properties 
Figure 3 shows the magnetic hysteresis loop of the 

quenched sample in the system of amorphous 20Li20 
,50Fe203 at room temperature. The saturation mag- 
netization (os), residual magnetization (or), and coercive 
force (Hc) in an applied field of 15KOe were 12.8emu/g, 
2.63emu/g, and 1010e, respectively. 

Figure 4 shows the magnetic properties of the unmelted 
sintered body in the system of amorphous 20Li20.- 
30Bi203.50Fe03 as a function of firing temperature. The 
value of saturation magnetization increased with an increase 
in firing temperatwe of the pretreated sintered body. The 
magnetism-generating mechanism is not always stable when 
antiferromagnetic spin arrangement is amorphous, which 
results in ferromagnetic behavior. At lower firing tempera- 
tures, different crystalline phases exist, which form a non- 

Fig.3. Magnetic hysteresis loop of amorphous 20Li20 
30Bi203.50Fe203 at room temperature. 

S O 0  6 0 0  7 0 0  R O O  9 0 0  

T e m p e r a t u r e  ( C )  

Fig. 4. Magnetic properties of amorphous 20Li20 30Bi- 
203.50Fe203 specimen at room temperature. 

magnetic phase. The increase in fuing temperature provides 
single phase bismuth fenite, which increases the spin in- 
volving the generation of magnetism, thereby increasing the 
value of magnetization. The residual magnetism was almost 
constant as the temperature increased. The coercive force 
decreased at temperatures up to 700°C. and then increased 
at higher temperatures. 

One of the reasons why the coercive force changes with 
the heat-treating temperature of sintered bodies may be the 
ease of movement of the domain wall. In this system, non- 
magnetic crystals like bismuth oxide exist when unmelted 
sintered bodies are fired at a low temperature. In the sample 
obtained by melting these mixed crystals and quenching 
them, different phases based on non-magnetic crystals exist 
and serve to pin the domain wall movement, with an in- 
crease in coercive force being observed. When the sample 
is pretreated at a high temperature too, an increase in coer- 
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Fig. 5. Magnetic properties in the system of amorphous xLipO.(70- 
x)FezOg 30Bi203 at room temperature. 

cive force is observed for the same reason. When the coer- 
cive force Hc is the minimum, this amorphous substance has 
a multi-magnetic domain structure, and the magnetization 
occurs mainly due to the domain wall movement. 

Figure 5 shows the magnetic properties as a function of 
lithium content. The residual magnetization or  and coercive - 
force Hc were almost unchanged. Magnetization in an 
amorphous substance is governed by the domain wall move- 
ment, and this property is unchanged regardless of the Liz0 
content. The saturation magnetization a s  has a maximum 
value at a lithium content of 20mol%. The reason for this 
is probably the existence of a majority quantity of amor- 
phous phase exhibiting magnetization. With a smaller 
proportion of lithium, less iron reacts with lithium to form 
spinel cluster, and excess iron ions exist as a paramagnetic 
phase. 

Figure 6 shows the thermomagnetic curve of amorphous 
ferrite in the system of 2 0 L i ~ 0 ~ 3 0 B i ~ O ~ . 5 0 F e ~ O ~ .  An ac- 
curate Curie point was not determined from these results, 
because the magnetization decreased ferromagnetically and 
the curve was slanted near the Curie point. The Curie point 
was therefore estimated to be 563°C by extrapolation. It is 
characteristic of amorphous substances to have a slanted 
thermomagnetic curve, and this is because of their fer- 
romagnetic behavior. When the sample was cooled at a rate 
of 4"CImin in the same magnetic field, it did not show 
irreversible change, and the value of magnetization rather 
increased. This is probably because, since the amorphous 
substance exists inherently in the metastable state, it is ther- 
mally unstable and part of the amorphous phase is changed 
into y-ferrite, magnetite and so on by heating. The ap- 
pearance of these ferromagnetic substances provided this 
effect in addition to the normal characteristics of amorphous 
ferrite. 

Figure 7 shows the Curie temperature as a function of 
LizO content. The Curie temperature does not show sig- 
nificant change with Li20 content. The change in Curie 

Fig. 6. Thermomagnetic curve of amorphous 20Li20 
.30Bi203.50Fe203 specimen in the applied magnetic field 
of 2.5kOe. 

Fig. 7. Curie temperature in the system of amorphous xLipO.(70- 
x)Fe203.30Bi203. 

temperature is similar to the change in saturation magnetiza- 
tion with LizO content; the Curie temperature reaches the 
maximum at a Liz0 content of 20mol% and then decreases 
with increasing Liz0 content. The Curie temperature is 
lower than that of a-lithium ferrite or magnetite, and the 
thermomagnetic curve does not change stepwise. This sug- 
gests that the magnetization is not directly caused by these 
ferromagnetic crystals. 

3-4. Mossbauer Absor tion Spectra 
Figure 8 shows the 'Fe Mdssbauer absorption spectra 

of amorphous ferrite in the system of 20Li20 .30Bi- 
203.50FezOV3 at room temperature. As the results of 
Mossbauer absorption spectrometry of calcium-base amor- 
phous ferrite, it has been reported that the amorphous phase 
is divided into paramagnetic and ferromagnetic phases, and 
the paramagnetic phase shows two peaks due to quadrupole 
splitting, while the ferromagnetic phase shows six peaks due 
to magnetic splitting.6' In the present study, therefore, it 
was thought that the central peak splitting into two was the 
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Fig. 8. 5 7 ~ e  Miissbauer absorption spectra of amorphous 
20Liz0.30Biz0~.50Fe~0~ specimen at room temperature. 

peak of the paramagnetic phase due to quadrupole splitting 
(Phase A), and the other peaks were the peaks of the fer- 
romagnetic phase due to magnetic splitting (Phase B). Sym- 
metric positioning of peaks means that quadrupole magnetic 
splitting does not occur and that paramagnetic and fer- 
romagnetic phases exist independently.9' Both phases have 
a wide line width. The half-value width of these phases are 
0.66mm/s and 0.55mm/s, respectively, which are high 
values peculiar to amorphous oxides. This means a high 
internal distortion.lO' The isomer shifts of these two phases 
are 0.29mm/s and 0.33mm/s, respectively, which means that 
Fe ions exist in the form of ~ e ~ + .  The peaks of the two 
kinds occur in a ratio of about A:B=4:5 when a Lorentz-type 
function is used, which means that about half of the amor- 
phous phase exists as ferromagnetic phase. 

In phase A, the value of quadrupole splitting is 0.66mm/s, 
which is lower than that of calcium-base or zinc-base amor- 
phous substance. This is because the electric field gradient 
is smaller, resulting in less polarization. 

In phase B, the magnitude of internal magnetic field is 
483(+46)kOe. Such a wide distribution of internal magnetic 
field suggests that the sample is an amorphous substance 
and the arrangement of atoms is nonuniform. The existence 
of a shoulder of another spectrum or 1 and 2 spectra in phase 
B means the existence of two kinds of ferromagnetic phases. 
When the intensity ratio of the peak area for each separated 
peak is determined by assuming a Lorentz-type absorption 
curve on Lines 1-6, Bl:B2=5:2 is obtained. The wide 
spectrum width suggests that the sites of iron ions have a 
wide distribution. Assuming that the magnetic moment of 
BI and B2 phases is arranged magnetically, the value of 
magnetization at room temperature can be calculated as fol- 
lows: 

(TRT = (Number of Fe atoms in lg) X (proportion 
of ferromagnetic phase x (ratio of BI to B2) 

26 x 5 x p~ = 7.98 x 10 x 0.555 x 0.714 x 5 
x 9.27 x 

= 14.7 (emulg) 

where ~lg: Bohr magneton. 

B i n d i n g  E n e r g y  C e V l  

Fig. 9. XPS spectra of amorphous 20Li20.30Bi203.50Fez03 

Although the above result is 0 ~ ~ 1 4 . 7 e m u / g ,  the value 
of saturation magnetization at room temperature is lower 
than the above value, being 12.8emulg. At room tempera- 
ture, the spins do not always arrange regularly because of 
thermal energy. In addition, it is not thought that they ar- 
range fully fenimagnetically because of amorphous condi- 
tion. Also, since the Bohr magneton is a theoretical value 
in terms of one free atom, the interaction with other atoms 
is neglected. Considering these factors, the calculated value 
agrees nearly with the measured value. 

3-5. Photoelectron Spectroscopy 
Figure 9 shows the photoelechon spectroscopy spectra 

of amorphous ferrite 20Li20.30Bi203.50Fe203 obtained in 
this experiment. The figure shows the photoelectron spectra 
of 3Pelectron. Fe3P1~. directly affected by 3d electron with 
magnetic moment. 

Before the measurement was made, the specimen was 
etched with argon gas and carbon on its surface was 
removed. The parameter 0 is the inclination of the specimen 
with respect to the photoelectron detector. 0=60" indicates 
the spectrum on the specimen surface, while 8=0" indicates 
that within the specimen. Each peak is split into two; the 
magnitude of splitting is about 0.6eV. The peak shifts to the 
low-energy side as the measurement point approaches the 
surface. This means that the binding of iron ions to oxygen 
is weak on the surface layer unlike within the specimen. 
Comparing the photoelectron spectra of a quenched sample 
of lithium-base bismuth femte with those of bismuth femte, 
the peak of lithium-base bismuth ferrite was split into two, 
while split peaks were not observed on the spectra of simple 
bismuth fenite. The photoelectron spectra of Fe3Pln of 
corundum-type a-iron oxide and inverse-spinel-type nickel 
ferrite have an energy difference of about 0.6eV. ions 
exist in the state of the 6-coordinate site in a-iron oxide, 
and the 4-coordinate plus 6-coordinate sites in nickel femte. 
These measurement results suggest the existence of two 
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coordinate sites of iron ions. That is, the peak at the higher 
energy side indicates the peak of Fe3+ at the 6-coordinate 
site, while the peak at the lower energy side indicates the 
peak of Fe3+ at the 4-coordinate plus 6-coordinate sites. 

For the peaks split into two, it is thought that many ~ e ~ +  
ions at the 6-coordinate site exist at 8=60" (surface layer), 
and as 0 approaches 0". the peak intensity is reversed, with 
many ~ e ~ +  ions at the 4-coordinate plus 6-coordinate sites 
existing in the amorphous ferrite. 

4. Conclusion 

Amorphous ferrites in the system of Li20.Fe203 ,Biz03 
were prepared by the sol-gel method. The composition 
range giving an amorphous phase in this system was found 
to be Fe203:30-60mol%, Li20: 0-50mol%, and Bi203:30- 
50mol%. Especially in the composition of 
20Li20.3OBi203.50Fe203, the saturation magnetization and 
coercive force were 12.8emulg and lOlOe (applied field: 
15kOe) at room temperature, respectively, and ferromag- 
netic behavior was observed at a Curie temperature of about 
563". The crystallization temperature of this composition 
was 430°C. 580"C, and 730°C, and the precipitation of 
a-lithium ferrite and y-ferrite due to crystallization was 
observed. 5 7 ~ e  MBssbauer absorption spectra and 
photoelectron s ectroscopy spectra indicated that most Fe 

!+ ions exist as Fe Ions. This amorphous ferrite consisted of 
phase A of paramagnetic phase and phase B of ferromag- 
netic phase. In each of these phases, ~ e ~ '  ions existed in 
the states of both the 6-coordinate site and the Ccoordinate 
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plus 6-coordinate sites. Supposing that the BI  and B2 
phases behave ferromagnetically in phase B, and assuming 
a simple ferromagnetic model, the calculated value of 
saturation magnetization agrees nearly with the measured 
value. 
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Effect of Microstructure on Cyclic Fatigue Properties of 
A1203 Ceramics and A1203 Composites 
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The cyclic fatigue properties of three kinds of toughened 
A1203 composites added with S ic  whisker, T ic  and par- 
tially stabilized ZrOz particles were compared with 
results of four kinds of A1203 ceramics with different 
purities. The effects of stress amplitude and initial crack 
size on fatigue properties were investigated by using 
polished and pre-cracked samples. Furthermore, the ac- 
celerated phenomena on initiation and propagation 
velocities of fatigue crack under cyclic loading condition 
were quantitatively assessed by the estimation method 
using an experimental relation based on subcritical crack 
growth velocity and static fatigue data. 
As results, in the case of polished sample, the accelerated 
effect on fatigue that 99.99% and 99% A1203 ceramics 
typically showed v-s  restrained in A1203 composites. 
The cyclic fatigue properties of A1203 composites used 
in this paper can be successfully estimated under wider 
condition of stress application from the data on static 
fatigue than the case of A1203 ceramics. On the condi- 
tion that a sample was pre-cracked by Knoop indenter, 
A1203 composites hindered the accelerated effect on 
fatigue crack propagation under cyclic loading as well. 
Especially, the cyclic fatigue da ta  of pre-cracked 
Zr021A1203 composite agreed well with the estimated 
value from static fatigue properties. 

Key-words: Cyclic fatigue, Sic whisker ,41203 composite. 
TiClA1203 composite, Zr02IA1203 composite, ,41203, 
Ceramics 

1. Introduction 

A variety of composite materials in which microparticles 
or whiskers are dispersed in Sic, Si3N4, A1203 and other 
ceramic materials have been extensively studied, in an at- 
tempt to improve mechanical properties, such as toughness 
and strength, of the matrix materia~s."~) These composites 
are assessed, for the most part, by their fracture toughness 
and strength, and, to a much lesser extent, by their cyclic 
fatigue properties and resistance to thermal shocks, which 
are important properties in assessing them as commercial 
structural materials. It is of particular importance to under- 
stand their cyclic fatigue properties, because it is anticipated 
that cyclic loading may cause the dispersed materials to 
become the fracture origins for the fatigue-induced cracks. 
The composite materials may have improved fracture tough- 
ness, which, however, is not necessarily accompanied by 

improved strength,') and it is necessary to assess the 
mechanical properties of the composite sinters from various 
aspects. 

In this study, the authors have carried out cyclic fatigue 
tests at 550Hz for 3 types of composites of alumina dis- 
persed with Sic whiskers, partially stabilized ZrO2 par- 
ticles and Tic particles, and 4 types of alumina ceramics of 
varying purity. These dispersed materials are known for 
their effects of greatly improving strength and toughness of 
alumina. In the tests, stress amplitude was varied to inves- 
tigate the effects of load stress conditions on the fatigue 
properties. Furthermore, the properties of mirror-polished 
samples were compared with those of the samples pre- 
cracked by a Knoop indenter, to investigate the effects of 
the initial crack size. The test results were analyzed by the 
empirical equation for the crack propagation speed, 
proposed previously,5) in an attempt to quantitatively assess 
cyclic fatigue behavior of composite ceramic materials. 

2. Experimental Procedure 

2-1. Experimental Apparatus and Procedure 
The bimorph type experimental apparatus with a piezoe- 

lectric material as the driving source was used for the cyclic 
fatigue tests, in which cyclic stresses were applied to the 
ceramic test sample via a 3-point bending jig, attached to 
the free end of a metallic cantilever which was vibrated by 
a voltage alternating at a frequency equivalent to the 
resonance frequency of the system applied to the 
piezoelectric ceramic plates provided on the upper and 
lower sides of the cantilever. The apparatus is described in 
detail elsewhere.@ The load stress frequency was set at 
550Hz. and the wave form was almost sinusoidal. The load 
stress ratio R, i.e., the ratio of the maximum stress omax to 
the minimum stress omin, was varied from 0.1 to 1.0 at 
several points; the former stress ratio represented the almost 
perfect pulsating condition, while the latter was in the static 
fatigue region. Those samples which were not fractured 
when exposed to cyclic stresses for 105sec or more were 
withdrawn from the test system, and their bending strength 
was measured. 

2-2. Mechanical Properties of Fatigue-Tested Samples 
Of the 3 types of the composite A1203 ceramics samples, 

those reinforced with Sic whiskers and Tic particles were 
hot-pressed sinters containing the reinforcing materials at 
30vol%.The Zr02IA1203 type was sintered without pres- 
sure, and contained the reinforcing material at 40vol%, 
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Table 1.Mechanical properties of A1203 ceramics and A1203 
ceramics and A1203 composite. 

la )  AllO> ceranics 

A1201 density Vicker's fracture bending Yeibull's 

conlent lha~.dness Loughners strength nodulus 

Cnl 0 Cglcm'l 114 CGPal K i r  CKNn-' 'I SI CKPal m [ - I 

additive dcnsity Vickcr's Iracture Young's bending Yeibull's 

name hardness toughness modulus strength modulus 

p lglcn 1 H IGPnl K i c  [KNn' 'I E CGPal S T  CHPal m C - 1 
- -. - -. . . - 

where ZrO2 was partially stabilized with 3mol% of Y203 
(HSY-3.0, Dai-ichi Kigenso) and A1203 as the matrix was 
99.99% pure (TM-D, Taimei Kagaku). Four types of A1203 
ceramics of varying purity were also tested, for comparison; 
two were 99.6% pure (A1 160SG, Showa Keikinzoku) and 
99.99% pure (TM-D, Taimei Kagaku) A1203 powders CIP- 
formed and pressurelessly sintered at 1550" and 135OSC, 
respectively, while the other 2 types were 97% and 92% 
pure commercial sinters. The 99.6% and 99.99% pure 
A1203 powders were those used as the matrices of the com- 
posite materials.EDAX analysis was used to identify the 
impurities in these test samples, and Mg and Si were found 
in the grain boundaries. 

Each sample was cut into 3x4~50rnm. rod-shape 
specimens, which were chamfered and mirror-polished. 
These were for the 3-point bending tests (span, 30mm. 
Cross-head speed 1.6pm/s), Vickers hardness tests under a 
load of 98N, and measurements of critical Stress intensity 
factor. Table 1 shows the hardness test results, and Fig.l(a) 
the bending strength distributions. As the purity of sintered 
,41203 increased, its strength and hardness increased, but its 
fracture toughness and strength distribution tended to be 
degraded. Combination of A1203 with the reinforcing agent 
had the effect of increasing hardness and fracture toughness, 
but degraded strength distribution. 

Cyclic fatigue tests were also conducted for some of the 
precracked specimens, i.e., the mirror-polished specimens 
which were precracked by a Knoop indenter under varying 
loads, in order to investigate the effects of the initial crack 
size on the mechanical properties. Figure l(b) shows the 
relationship between the tensile stress at a time of fracture 
and Knoop indented load for the bending-tested specimens. 
The TiC/A1203 sample was more degraded in strength by 
precracking than were the 99% pure A1203 and ZrO2/A1203 
samples, to a level equivalent to that of the 99% pure A1203 
sample. It was actually observed that the TiCIA1203 
sample, though mirror-polished, was degraded in strength, 
when fractured from the surface flaws, and the data of those 
specimens having surface flaws on the fracture surfaces 
were eliminated from the discussions. 

key cont.l%l 

1.0 I r n r c  

mean bending strength 
_ and devlatron 

Fig. 1.  (a) Weibull's distribution of bending strength on toughened 
A1203 composites used Sic whisker, Tic and ZrOp particles 
and different purity A1203 ceramics. (b) Dependence of 
Knoop indented load on bending fracture stress for pre- 
cracked samples. 

3. Results 

3-1. Cyclic Fatigue Test Results of Mirror-Polished 
Samples 

Figure 2 shows the cyclic fatigue test results of the 
sintered A1203 samples of varying purities, for comparison, 
in which the maximum loading stress ( ~ m a x )  is plotted 
against fatigue failure life tr, i.e., the time span extending 
from the initiation of loading to fracture of the specimens, 
with loading stress ratio (R) as a parameter. The data and 
the ranges described on the axis of ordinates represent the 
averaged bending strength values and the range of their 
standard deviations, determined beforehand. The data 
marked with the left-directing arrows, at around Isec, rep- 
resent those of the specimens which were fractured imme- 
diately after the load was increased to near the set level. 
Those marked with the right-directing arrows, on the other 
hand, represent those data of the samples which were not 
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mean bendlng strength A1203 f=550Hz - 

Fig. 2. Effect of stress ratio (R) on relation between maximum load- 
ing stress and fatigue failure life of polished different-purity 
A1203 ceramics. 

fractured for a time span extending to around 10~sec. The 
straight lines represent the omax-tf relationships of those 
samples tested at R=l.  These lines had almost the same 
slope, and the higher-purity sample of higher average bend- 
ing strength tended to have higher maximum loading stress. 
As for the effects of stress loading conditions, the data of 
the 99% and 92% pure A1203 samples subjected to varying 
R ratios were distributed around the line representing the 
relationship at R=l. Those of the 99.99% pure Ah03 
sample tested at an R ratio other than unity, on the other 
hand, were distributed almost totally below the line of R=l,  
indicating that the composite sample, because its om=-tf 
relationship was represented by the single straight line, was 
independent of the R ratios, unlike that of the 99.99% pure 
A1203 sample where the fatigue life was determined by the 
cyclic fatigue rather than the static fatigue. Thus, combin- 
ing A1203 with the reinforcing agent decelerated the progr- 
ess of cyclic fatigue; it should be noted that the 99.99% pure 
,41203 served as the matrix of the ZrOzIA1203 system. It is 
therefore considered that the polished composite samples 
have better pulsating cyclic fatigue characteristics than the 
single phase samples. The precracked samples were also 
investigated in a similar manner. 

3-2. Cyclic Fatigue Test Results of Samples Precracked 
by a Knoop Indenter 

Figure 3 shows the omax-tf relationships for the 3 dif- 
ferent composite samples of A1203 reinforced with (a) S ic  
whiskers, (b) Tic particles, and (c) ZrOz particles. Each 
sample had higher Gmex values than the A1203 samples of 
varying purities, because of the high average bending 
strength. The slope of the straight line was smaller, indicat- 
ing the possibility that the fatigue limit of each composite 
sample is closer to bending strength than those of the single- 
phase A1203 samples. 

No significant effect of loading stress amplitude was ob- 
served with each Knoop test. 

Figure 4 shows the results of the 99% pure A1203 sample 
for comparison, in which the maximum loading stress 
(omax) is plotted against fatigue failure life tf for the 
specimens precmcked by a Knoop indenter under three dif- 
ferent loads, 0.9.8 and 98N (the sample subjected to no load 
was the as-polished one). The solid and broken straight 
lines represent the relationships of the specimens tested at 

Fig. 3. Effect of stress ratio (R) on relation between maximum load- 
ing stress and fatigue failure life of polished A1203 com- 
posites. 
(a) Sic whisker-toughened A1203, (b) Tic-toughened 
Al2O3, (c) ZrOz-toughened A1203. 

Fig. 4. Effect of Knoop indented load on relation between maximum 
loading stress and fatigue failure life of 99% A1203 
ceramics. 

R = 1 and 0.1, respectively. The data and the ranges 
described on the axis of ordinates again represent the 
averaged bending strength values and their standard devia- 
tions, determined beforehand. The as-polished sample had 
almost the same Gmartf relationships under the static and 
cyclic fatigue conditions. For those precracked under a load 
of 9.8 or 98N, on the other hand, the specimens were frac- 
tured at lower maximum loading stresses under the cyclic 
fatigue conditions than under the static fatigue conditions. 
It is also noted that the cyclic fatigue conditions gave a 
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Fig. 5. Relation between maximum loading stress and fatigue 
failure life of pre-cracked A1203 composite used Knoop in- 
denter. 
(a)TiC-toughened A1203 (b) ZrO2-toughened A1203. 

larger slope of the straight line. No effects of different 
indented loads of 9.8 and 98N was observed with respect to 
the straight line slope. The slope, however, tended to in- 
crease as R ratio decreased, by which was meant that the 
n-value was affected by the R level more than the initial 
crack size, under the condition ranges adopted in this study. 
The authors have also observed that the precracked Si3N4 
samples were fati ued faster under cyclic loads than the 
as-polished o n e s  The comparison of results of the as- 
polished A1203 and Si3N4 with those of the 
precracked ones9'10) indicates that the latter samples are 
fatigued notably faster than the former. 

Figure 5 shows the results the similar tests for the A1203 
samples dispersed with (a) Tic particles, and (b) ZrOz par- 
ticles, to demonstrate the effects of reinforcement. The 
Tic-reinforced sample had a omax-tf relationship similar to 
that of the single-phase A1203 sample. Furthermore, the 
relationship of the precracked sample was similar to that of 
the 99% pure A1203 sample, because the strength of the 
former sample decreased to that of the latter sample under 
the cyclic or static fatigue conditions. It is also noted that 
the broken straight line representing the c~--tf relationship 
of the precracked sample under the cyclic fatigue conditions 
at R = 0.1 had a more moderate slope than that of the 99% 
pure ,41203 sample under the same conditions, also indicat- 
ing the effects of the reinforcement for controlling progress 
of the fatigue of the precracked sample under the cyclic 
loads. 

Figure 5 (b) shows the omax-tf relationships of the ZrOz- 

reinforced Al203, where the broken line representing the 
relationship under the cyclic fatigue conditions is above the 
solid line representing that under the static fatigue condi- 
tions. Such a phenomenon is interesting in that it is peculiar 
to the ZlO2 system, and was not observed with other 
precracked ceramic materials, including sintered Si3N4. 

The results obtained in this study have c o n f i e d ,  though 
qualitatively, that reinforcement with the other materials ef- 
fectively improves the cyclic fatigue characteristics of 
sintered ,41203 under the pulsating loads, both for the as- 
polished and precracked samples. It is difficult, however, 
to quantitatively assess the effects of the reinforcement 
through the conventional method, because of the greatly 
fluctuating fatigue failure life results, in particular those of 
the as-polished samples. Therefore, a quantitative assess- 
ment was attempted using the correlation V = AK?,") 
where V is the crack propagation speed (V = daldt) in the 
subcritical crack growth (hereinafter referred to as SCG) 
discussed previously,5) Ki is stress intensity factor, and A 
and n are constants. 

4. Discussion 

The fatigue characteristics of ceramic materials under 
cyclic loads may be represented by the following formula, 
which is obtained by integrating the correlation developed 
for the Subcritical Crack Growth (scG)"': 

where, g-l  is the term related to load stress waveform, 
given by equation (2),6) and B is regarded as a constant. Sf 
is the bending strength of each fatigue-tested sample, es- 
timated by the method discussed previously.5) 

where, h is one cycle time of the load stress waveform. 
Assuming that the constants n and A are constant, ir- 

respective of load stress conditions, the fatigue behavior 
under cyclic loads may be estimated, using equation (I), 
from the actual results under static loads, the conditions 
which are represented by the simplest form of R = 1. It has 
been confirmed that the above assumption is applicable to 
some materials, such as relatively low-purity A120.3, which 
are subjected to a load stress of an R ratio close to unity.") 
In this study, the authors investigated whether or not the 
above assumption was applicable to the composite and high- 
purity A1203 samples at widely varying R ratios under the 
pulsating load stresses. 

The fatigue results of the 4 types of A1203 samples were 
analyzed using e uations (1) and (2) and the method dis- 
cussed previousI$) to estimate the constants n and B values 
and bending strength Sf. The results are shown in Fig. 6 
for (a) 99.99%, (b) 99%, (c)97%, and (d) 92% pure A1203, 
where omax/Sf is plotted against Wg-'. The axis of ordinates 
gives the value of the left side of equation (I), while the 
axis of abscissas gives the first term of the right side of 
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Fig. 6. Analysis of cyclic fatigue properties on polished different-purity A1203 ceramics by estimated method based on experimental equation 
(1) of subcritical crack growth. 
(a) 99.99% A1203 ceramics (b) 99% ceramics A1203, (c) 97% A1203 ceramics (d) 92% A1203 ceramics. 

(a) 99%A1203 
Fig. 7. Examples of microstructure on A1203 ceramics. 

(a) 99% A1203 ceramics (b) 92% A1203 ceramics 

equation (1). The straight line in each figure represents the 
omax/ ~ f t f ~ . '  relationship, and the broken lines the range 
of the standard deviation. The results obtained under cyclic 
fatigue conditions will be distributed around the straight 
line, so long as the n and A values are constant. 

In the case of the 99.99% pure A1203 sample (Fig. 6 (a)), 
the data obtained at below R = 1, even those obtained at R 
= 0.7, are shifted to the left side of the straight line for R = 
1, by which is meant that assumption of n and A values 
being constant will overestimate the fatigue failure life. As 
the purity of the A1203 sample decreases, the data obtained 
at a smaller than unit R level approaches the straight line. 
It is particularly interesting to note that all the data of the 
97% pure A1203 sample, except those obtained at R = 0.1 
(almost complete pulsating conditions), are well represented 
by the single straight line, as shown in Fig. 6 (c). The data 
of the 92% pure ,41203 sample obtained at a smaller than 
unit R level, however, are significantly apart from. the 
straight line (Fig. 6 (d)), like those of the 99.99% pure ,41203 
sample, shown in Fig. 6 (a). 

One explanation for the deviation of the cyclic fatigue 
results from the straight line obtained by the static fatigue 
results, and the accelerated fatigue under the cyclic stress 
loads is that the non-linear fracture at the crack ends which 
prevents the cracks from being completely closed when the 
load pressing the sample is removed, even though it has 
been pulsating, and the stress generated as a result of the 
contact of the cracks at both ends, accelerate propagation of 
the cracks, as discussed by ~ e e c e . ' ~ '  In addition, Kawa- 
kubo considers the above effects to be more notable when 
the cracks meander more, and states that the cyclic fatigue 
results are in relatively good agreement with the results 
estimated using equation (I), when the grains are sufficient- 
ly large to cause the intragrain fracture or the glassy phase 
in the grain boundaries to be sufficiently thick, because 
cracks in such a system will make a straighter path. 

In an attempt to compare the results of the 4 types of 
as-polished ,41203 samples with each other, their structures 
were observed by a scanning electron microscope. The 
results are shown in Fig. 7, for the (a) 99% pure and (b) 
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Table 2.Mean grain size of A1203 ceramics. 

A l z O i  content Dl 99.99 99 97 92 

crystal size d [pml 1.2 4 . 8  3.7  4.7 

Fig. 8. Analysis of cyclic fatigue properties on polished A1203 com- 
posite by estimated method based on experimental equation 
(1) of subcritical crack growth. 
(a) Sic whisker-toughened A1203 (b) Tic-toughened A1203 
(c) ZrOz-toughened Al2O3. 

the microscopic cracks coming from the fracture origins, 
such as the impurity phases, precede crack propagation. It 
is considered that, in a low-purity system, cyclic load stres- 
ses may increase concentration of the impurity phases 
sufficiently to generate a stress at the interface with the 
alumina phase, to accelerate formation of the cracks. In- 
creasing purity decreases quantity of the microcrack origins, 
with the result that the data are represented by the single 
straight line under a wider range of load stress conditions. 
At the same time, the cracks tended to be deflected more as 
purity increased, causing them to propagate faster. 

Figure 8 presents the 0max1~ftf.g' relationships for 
A1203 reinforced with (a) S ic  whiskers, (b) Tic particles 
and (c) ZrOz particles, where the meanings of the solid and 
broken straight lines are the same as those shown in Fig. 6. 
All the data of the Sic-reinforced composite sample, except 
those obtained at R = 0.1 (almost complete pulsating con- 
ditions), are well represented by the single straight line, 
drawn for the data obtained at R = 1. All the data of the 
Tic- and ZrOz-reinforced samples, including those obtained 
at R = 0.1, are represented relatively well by the respective 
straight line. 

Figure 9 compares the results of the single ,41203 phase 
samples with those of the composite samples, in which the 
n value (a) and the tgg1 value at 0.9 CTmaxISf (b) are plotted 
against load stress ratio. The data for each R level, shown 
in Figs. 6 and 8, were processed by the least squares method 
to draw a straight line, the slo e of which was used to P estimate the n value. The tpg- value on the axis of or- 
dinates in Fig. 9 (b) is dimensionless, reduced by the trg-' 
value at R = 1. As it nears unity, the data will move on 
towards the straight line, and as it parts from unity 
downwards, the fatigue-acceleration effects by the cyclic 
load stresses become more conspicuous. As shown in Fig. 
9 (a), the n values of the composite samples are generally 
higher than those of the single A1203 samples; in particular, 

92% pure ,41203 samples. Each sample was mirror- 
polished and thermally etched at 1300°C for 20min prior to 
the analysis. Table 2 gives the mean grain size of each 
sample, determined by the SEM analysis. The grain boun- 
daries of the 92% pure A1203 sample (Fig. 7 (b)) were 
thicker than those of the 99% pure sample, and became 
more porous by thermal etching. The 99.99% pure A1203 
sample had a smaller grain size (1.2pm) than the others, 
whose grain sizes were about 4pm. Next, their ceramic 
structures are compared with each other. All the 99% pure 
A1203 specimens, having a smaller grain size and thinner 
grain boundary than the other samples, were fatigued faster 
than estimated under the cyclic load conditions at any R 
level tested, which is in agreement with Kawakubo's 
hypothesis.'3) As purity decreased to 99% and 97%, which 
was accompanied by the increased grain size and thickness 
of the grain boundaries, the data were represented by the 
single straight line in an increasingly wider range. How- 
ever, the 92% pure ,41203 sample, having the thickest grain 
boundaries, was fatigued faster than estimated, like the 
99.99% pure sample. In the case of the as-polished samples, 

Fig. 9. Estimated value of parameter n in Eq. (1) and t f i l  at 
amax/Sf=0.9 to analyze yyclic fatigue data in Figs. 6, 8. 
(a) parameter n (b) tf.g- at arnaxlSf=0.9 
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( a)  Tic/ A1203 ( b) Zr02 /A 1203 
Fig. 10. Examples of microstructure on A1203 compostte. (a) TIC (p)/Al& (b) Zf021A1203. 

those of the Tic- and Zr02-reinforced samples are notably 
higher than the others at R = 1 (almost complete pulsating 
conditions). However, no significant effects of the R level 
are observed on the n values of the samples, except the 
above. In other words, the slope of the straight line repre- 
senting the stress-life relationship is generally constant, ir- 
respective of the load stress conditions. It is therefore 
possible to estimate to what extent the fatigue under cyclic 
stress conditions deviates from that under static stress condi- 
tions by comparing the reduced trg-' values shown in Fig. 
9 (b). Taking the data of the 99.99% pure A1203 sample as 
an example, the life tends to be shorter than estimated when 
it is subjected to cyclic stresses at R The actually observed 
lives of the composite samples, on the other hand, are fairly 
close to those estimated, except that of the Sic-reinforced 
sample subjected to cyclic stresses at R = 0.1. The matrices 
of the composite materials prepared in this study were 
99.99% and 99% pure A1203, whose cyclic fatigue results 
were not generally represented by the estimated straight 
lines. They were more resistant to cyclic load stresses, 
when combined with the reinforcing agents, and their lives 
were predicted by equation (1) under wider cyclic load 
stress conditions. 

Several mechanisms have been proposed to account for 
the improved mechanical properties of composite materials; 
blocking, meanderin and branching of the cracks by the 
dispersed arti~les,l '~~) or pulling-out of the cracks by 
whiskers." Assuming that the dispersed particles cause the 
cracks to meander more, dispersion of these particles should 
accelerate fatigue of the com osite materials, in accordance 
with the Kawakubo model.13' The acceleration effects were 
more notably observed in the composite dispersed with Sic 
whiskers than those dispersed with the particles under the 
almost completely pulsating conditions. The fatigue of the 
whisker-dispersed composite might be partly accounted for 
by the crack meandering effects. However, it was observed 
that fatigue acceleration was controlled in the particle-dis- 
persed systems. The structures of the composite materials 
reinforced with Tic and ZrO2 particles were observed, in 
order to investigate the above phenomena. The results are 
shown in Fig. 10 (a) and (b). The dark portions of both 
photographs represent ,41203. These results show that both 

Fig. 11.Analysis of cyclic fatigue properties on pre-cracked 
Zr021A1203 composite used Knoop indenter by estimated 
method based on experimental equation (1) of subcritical 
crack growth. 

composites were of microstructures consisting of particles 
with average sizes of 1 ~ m  or less. It is difficult to explain 
the controlled fatigue acceleration of the particle-reinforced 
composites by a model which assumes that the cracks tend 
to move straight, because the crack propagation will be 
hindered greatly by the dispersed Tic or Z102 particles 
known for high hardness or toughness. Fatigue acceleration 
under cyclic load stresses, therefore, is controlled by other 
mechanisms, such as relaxation of non-linear fractures and 
prevention of fatigue-causing crack formation by the dis- 
persed phase. Lastly, the results of the precracked materials 
are discussed. Fatigue acceleration under cyclic load stres- 
ses is more notably expressed in the samples precracked by 
a Knoop indenter, and equation (1) is apparently useless for 
the analysis of the results of the single phase A1203 samples. 
It is however expected that the equation is useful for the 
analysis of the results of the Zr02/A1203 sample, because 
its stress-life relationship is shifted to the longer-life side 
from the relationship under static load conditions. Figure 
11 shows the omaxf f trg-' relationship of the precracked 
Zr02/A1203, which indicates that the data obtained under 
cyclic load stress conditions (R = 0.1) are in good agreement 
with those obtained under static load stress conditions (R = 
1). It has been thus confirmed that crack propagation is not 
accelerated under cyclic load stress conditions in the 
ZrOzIA1~03 composite system, whether it is precracked or 
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not. The controlled formation or propagation of the fatigue- 
causing cracks should be elucidated in the future. 

4. Conclusions 

Three types of ,41203 composite samples and 4 types of 
single phase ,41203 ceramics samples of different purities 
were subjected to pulsating load stress conditions of varying 
stress amplitudes, to investigate their fatigue behavior. The 
as-polished and precracked samples were tested, and pulsat- 
ing frequency was set at 550Hz. 

1) The relationship between maximum load stress and 
fatigue failure life was established for each sample type. No 
significant effect of stress load ratio (R) was observed on 
the fatigue behavior of each as-polished sample, whether it 
was reinforced or not. The analysis of the fatigue-accelera- 
tion effects under cyclic load stress conditions, using the 
empirical Subcritical Crack Growth (SCG) correlation, 
revealed that the effects appeared differently in the single 
,41203 samples, depending on their purities and charac- 
teristic structures, whereas they were effectively controlled 
in any of the composite samples. 

2) The cyclic load stresses notably accelerated propaga- 
tion of the cracks in the precracked, single A1203 samples. 
These effects, however, were substantially controlled in the 
composite samples dispersed with Tic or Z r 0 2  particles, 
more conspicuously in the latter sample, where the fatigue 
behavior of the as-polished and precracked samples were 
well represented by the empirical SCG correlation. (Part of 
the results were presented to the 27th Ceramic Science Basic 
Seminar, held in Tokyo in January, 1989) 
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Effect of Pd on Crystallization in TeOx-Pd Thin Films 
for Optical Recording 
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TeOx-Pd thin films were studied for optical recording. 
Te48Pdz4028 in the system TeOx-Pd had a high crystal- 
lization temperature and showed a large difference in 
transmittance between the amorphous and crystalline 
states. The crystallization of Te48Pd24028 thin film took 
place stepwise in 4 stages at  150, 270, 326, and 365°C. 
The activation energies for the crystallization were 4.17, 
2.84, 5.39, and 1.79eV, respectively. The crystallization 
which plays a key role in the optical memory by laser 
irradiation was shown to be the first stage crystallization. 
The threshold laser power for crystallization was 9mW 
for 5011s irradiation. The Te4gPd24028 thin films were 
found to be good optical memory materials of the so 
called "write-once" type showing high speed response 
and high stability. 
[Received November 14, 1989; Accepted January 25, 19901 

Key-words: Optical recording materials, TeOx-Pd films, 
PdTe, Crystalline, Amorphous, Crystallization, Activation 
energy 

1. Introduction 

It has been known that chalcogenide containing Te, Se 
and S forms amorphous or crystalline states according to the 
conditions of cooling after heating. This principle is applied 
to phase-change optical discs, which are receiving consid- 
erable interest as the next generation of memory in which 
information is both written and erased optically. 

The author previously reported a study in which TeOx as 
a matrix with various elements added to it was used as an 
optical memory material of the "write-once" type, with a 
short period of time for completion of crystallization after 
recording.') It was found that the addition of Ge Sn or Pd 
to TeOx greatly reduced the time to complete the crystal- 
lization to 30011s. whereas the pure TeOx films require about 
30s for completion of crystallization. The TeOx containing 
Pd, above all, shows high stability and can be used as a 
practical optical recording material. The author also 
reported that for the TeOx containing Au, which is a noble 
metal in the group of Pd, the time taken for completion of 
crystallization depends upon the content of Au, being at 
least above 66ms, which is longer than the time for the 
TeOx-Pd system.2) 

precipitation of PdTe crystals accompanied by no grain 
growth.3) 

The present report, dealing with TeOx-Pd thin films used 
as an optical recording material of "write-once" type, dis- 
cusses the composition best suitable for optical discs, close- 
ly analyzes the crystallization process by using differential 
scanning calorimetry (DSC) and X-ray diffraction and dis- 
cusses the possibility of practical use of this material for 
optical discs on the basis of the above results. 

2. Experimental Method 

TeOx-Pd was deposited on substrates by controlling the 
individual deposition rates from the evaporation source of 
TeOz, Te and Pd using a multi-electron-beam evaporating 
apparatus. The composition of the deposits was analyzed 
by fluorescent X-ray spectroscopy (Rigaku Corporation 
System-3370). The crystallization temperature of each 
composition was measured on a specimen of lOOnm thin 
film deposited onto a quartz substrate (9mm dia. 0.5mm) by 
using a measuring instrument that monitored the change in 
transmittance during temperature rise at a heating rate of 
100"C/min. Crystallization temperature was defined as the 
temperature at which the transmittance begins to decrease. 

The specimens used for measurement by differential 
scanning calorimetry DSC (Rigaku Corporation DSC-1230) 
were prepared by depositing thin film of about 800pm on a 
glass substrate, stripping it with a spatula, and powdering. 
The specimens used for identification of crystalline phase 
produced after heating were prepared by depositing thin film 
of about 100pm on a fused-silica substrate 0.5mm thick and 
8mm in diameter under the same depositing condition as 
that for DSC. The specimens were heated at these tempera- 
ture for 5 minutes in an argon gas atmosphere. The 
precipitated crystalline phases were identified by using X- 
ray diffraction (Rigaku Corporation RU-200B). 

The crystallization rate was evaluated by measuring the 
reflectivity of thin film with an instrument that provided the 
measurements of laser irradiation and reflectivity, while 
varying the pulse width and power of laser irradiation. The 
thin film used for the evaluation had a thickness of 100nm. 

An accelerated test of disc life was carried out by 
evaluating the bit-error-rate (BER) using a disc drive before 
and after putting the disc into a thermohygrostat. The 
evaluation was based on the mean value of information 

The authors further investigated the crystallization written on 100 tracks. The temperature and humidity were 
process of the TeOx-Pd system and found the crystallization increased and decreased at rates of 10"Ch and IO%RH/h, 
state produces by laser irradiation similar to that obtained to prevent deformation of the disc due to thermal shock 
by static heating at 270"C, which was caused by the caused by insertion into the thermohygrostat, cracking of the 
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Fig. 1. Crystallization temperature in TeOx-Pd thin films with an- 
nealing. 
Composition: (a) Te72-xPdx028, and, (b) Te76-yPd240y. 

thin film and condensation due to water vapor. 

3. Results and Discussion 

The optical change of TeOx-Pd materials is caused by the 
increase in refractive index and extinction coefficient due to 
crystallization of amorphous PdTe. Although this transition 
is reported to be completed in less than 300ns,~) the crys- 
tallization process has not been clarified. 

One of the important considerations in using a phase- 
change type of optical disc is thermal stability. This feature 
depends upon the temperature of transition from amorphous 
to crystalline phase (crystallization temperature). Higher 
crystallization temperature provides better thermal stability, 
but suffers from decreased recording sensitivity. Figure 1 
shows the relationship between crystallization temperature 
and composition for TeOx-Pd thin films. Figure I(a) shows 
the relationship between crystallization temperature and x 
concentration for Te72-xPdx028, in which the oxygen con- 
tent is fixed (Te02 content is fixed). It indicates that the 
crystallization temperature increases with increasing x con- 
centration. Figure l(b) shows the relationship between 
crystallization temperature and oxygen content (i.e., TeOz 
content) y for Te76-yPdz40y. The crystallization tempera- 
ture, depending heavily on the oxygen content, increases 
with increasing TeOz content. 

Figure 2 shows the transmittance change due to heating 
for various compositions with the Pd content fixed. As seen 
from this figure, the difference in transmittance T before and 

Fig. 2. Transmittance changes in TeOx-Pd thin films with annealing. 
Composition: (a) Te3gPd24037, (b) Te44Pdz4032, 
(c) Te48Pd24028, and (d) Te55Pd24021. 

after heating decreases with an increase in oxygen content 
and therefore an optical change of the disc before and after 
recording cannot be expected. The curve (d) at first seems 
to show a small T since the absolute value of transmittance 
before heating is low, however, thickening of recording film 
provides a value of T as high as those of curves (b) and (c). 

From the above results, the composition of Ted- 
8Pd24028 was regarded as the optimal composition, with a 
high crystallization temperature and a large optical change 
caused by heating. The studies described below were car- 
ried out on this composition. 

It is known that the crystallization of amorphous sub- 
stances like glass consists of two processes, nucleus forma- 
tion and crystal growth, and that thermal changes cannot be 
detected in the process of nucleus formation. Thermal chan- 
ges can be detected. by thermal analysis only when crystal 
growth occurs. Therefore, thermal analysis is able to pro- 
vide information on crystal growth. Assuming that the crys- 
tal growth rate obeys the first-order-reaction, the activation 
energy of crystallization of amorphous substances is deter- 
mined by Kissinger's equation.5) 

where a is the heating rate in differential thermal analysis 
(DTA) or differential scanning calorimetry (DSC), Tx is ex- 
othermic peak temperature, Ea is activation energy, KB is 
the B o l t z m a ~  constant, and C is a constant. When plotting 
is performed according to equation (I) by varying the heat- 
ing rate in DSC, the slope gives the activation energy. 

Figure 3 shows the DSC measurement for Te4- 
8Pd24028 films. The measurement was made at heating 
rates of S0C/min, 10"C/min, and 20"C/min. Four ex- 
othermic peaks due to crystallization were observed at each 
heating temperature. This fact indicates that the crystal- 
lization of Te48Pd24028 occurs stepwise, not continuously. 
The third peak observed at 320 to 330°C is especially high, 
showing great thermal change, as compared with other 
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Fig. 3. DSC curves of Te48Pd24028 films at a heating rate of 
5'Clmin. 1O0C/min and 2O0C/min. 

peaks. 
Figure 4 shows the Kissinger plot of exothermic peaks 

based on equation (I). The activation energy corresponding 
to each peak was 4.17, 2.84, 5.39, and 1.79eV in order of 
increasing temperature. It was found from the result that 
high activation energy of crystallization appears at the first 
and third peaks. 

A high value of Ea shows that the crystallization temp- 
erature changes little even when the heating rate is changed. 
This means that the crystallization occurs too rapidly to 
depend on heating rate. Considering the characteristics of 
discs, the crystallization rate is high if the crystallization 
occurs by getting sufficient energy from laser irradiation or 
heating. At a temperature somewhat lower than the crystal- 
lization temperature, high stability may be expected since a 
high value of Ea provides a very low reaction rate. Con- 
sidering the results of the present experiment from this 
viewpoint, if this crystallization state, in which the value of 
activation energy is high at the first and third peaks, can be 
obtained by actual laser irradiation, the Te4sPdz4028 films 
have a possibility of being a recording material with a rapid 
crystallization speed and high stability. 

Figure 5 shows the X-ray diffraction patterns of Ted- 
8Pd24028 films as deposited and annealed at 150,270, 320 
and 365°C for 5 minutes. The annealing temperature was 
set to a temperature corresponding to the exothermic peak 
given by DSC measurement. The figure indicates that the 
as-deposited film shows a halo pattern peculiar to amor- 
phous phase, while the film annealed at 150°C or above 
shows the precipitation of crystalline phase. On the sample 
annealed at 150"C, the crystalline phase of PdTe is observed. 

Fig. 4. Kissinger plots of the exothermic peaks in DSC curves of 
the Te48Pd24028 films. 

Di f f rac t ion  angle (28) /deg. 

Fig. 5. X-ray diffraction patterns (CuKa) of Te48Pd24028 films as- 
deposited and annealed at different temperatures. 

The exothermic peak found near 150°C in DSC seems to be 
due to the precipitation of this crystal. On the sample an- 
nealed at 320"C, Te crystal is observed in addition to the 
growth of peaks found on samples annealed up to 270°C. 
The result of DSC indicates that the exothermic peak at 
320°C is far sharper than other peaks. Therefore, this peak 
may be due to the precipitation of Te crystal. On the 
samples annealed at 270°C and 365"C, the precipitation of 
crystalline phase other than PdTe and Te described above is 
not observed. The reason for the generation of exothermic 
peaks at 270°C and 365'C is unknown at present, though 
the short annealing time of 5 minutes for samples used for 
X-ray diffraction and the precipitation of crystalline phase 
that cannot be identified by X-ray diffraction may be pos- 
sible reasons. 

The fact that the crystalline phase precipitated by 8mW 
laser irradiation (wavelength: 830nm) by using Te4. 
8Pd24028 films is PdTe has been reported,3) though the 
precipitation of Te crystalline phase has not been confirmed. 
A possible reason for this fact may be that the temperature 
of heating by laser irradiation is below 270°C. However, 
the temperature obtained by 8mW laser irradiation should 
not be below 270"C, as indicated in a report of another 
researchet6) Static heating and heating of the nanosecond 
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P u l s e  Width/ns 

Fig. 6. Threshold crystallization laser pulse duration in 
Te48Pd24028 films. 

order by laser irradiation, though having the same ultimate 
temperature, are not equivalent in terms of time. With laser 
irradiation, since the material, though melted once, is soon 
cooled, the migration of atoms is limited, so that the crystal- 
lization does not occur completely. Although the actual 
temperature increases considerably after laser irradiation, 
the crystallization occurs to nearly the same extent as with 
material heated statically at a temperature below 270°C. 

As described above, the optical change of Te4- 
8Pd24028 films is due to the precipitation of PdTe crystal 
from the amorphous state. From this viewpoint, it is con- 
cluded that though four stages are found in crystallization 
of Te48Pd24028 films, the crystallization obtained by anneal- 
ing at temperature below 270°C causes actual optical chan- 
ges, and that the required activation energy is 4.17eV. This 
high value makes crystallization rate high, and thus it is 
likely that it will provide high stability optical recording 
materials. 

Figure 6 shows the threshold crystallization laser pulse 
duration for Te48Pd24028 films. In the figure, the abscissae 
represent the laser irradiation pulse width and the ordinates 
the reflectivity after irradiation. The increase in reflectivity 
resulting from crystallization occurs at a pulse width of 
lOOns for 5mW irradiation power, and at 5011s for 9mW 
power; that is, the figure indicates that the crystallization is 
caused by a very short duration of laser irradiation. The 
reflectivity was increased 30% or more as compared with 
that of the as-deposited sample. When the pulse width is 
above 2000ns, a decrease in reflectivity was observed. This 
decrease resulted from the destruction of film caused by too 
strong irradiation power. 

Figure 7 shows the acceleration life test results of ar- 
chival and shelf BER for Te48Pdz4028 films as a function 
of storage time. The ordinates in the figure represent BER. 
A small and unchanged value of BER means that the film 
has high stability as a recording disc. "Archival" in the 
figure shows the test results obtained by reproducing the 
initially recorded signals after a certain period of time, while 
"Shelf" shows the test results obtained by writing data after 
storage. As seen from the figure, the BER in the archival 
test was unchanged even after 1000 hours at 90°C and 
80%RH. In the shelf test, the BER greatly increased after 

,a2. a . ,;k g L w . ' , .  
Storage l i m e / h  

Fig. 7. Acceleration life test results of archival and shelf BER as a 
function of storage time. 

Fig. 8. Estimation of room temperature life based on shelf BER at 
different temperatures. 

1000 hours, which means the deterioration of the disc. This 
is probably because the crystallization gradually proceeds in 
the amorphous area during the acceleration tests at 80°C and 
90°C since the crystallization temperature of Te48Pd24028 
films is about 150"C, making impossible the retention of 
difference in reflectivity between the non-recording (amor- 
phous) and recording (crystalline) areas. The reason for 
unchanged BER in the archival test is probably because the 
difference in reflectivity between the amorphous (non- 
recording) and crystalline (recording) areas is retained since 
the crystallization proceeds further in crystalline area as the 
crystallization proceeds in the amorphous area than with the 
shelf test. 

As described above, the reliability of Te48Pd24028 films 
is evaluated by the shelf test. Figure 8 shows the estimation 
of room temperature life based on shelf BER at different 
temperature. In this figure, the disc life is taken as the value 
in which the BER increases one order of magnitude after 
storage at 80%RH and 90,80, and 60°C. The extrapolation 
estimates the life at 32°C to be 10 years or longer. This 
result indicates that Te48Pd24028 films are more reliable 
than other Te films7) and Te-based alloys8) reported pre- 
viously. 

The above results mean that the fast crystallization and 
high reliability of Te48Pd24028 films may result from high 
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activation energy for crystallization. 

4. Conclusion 

TeOx-Pd thin films were studied for optical recording. 
Te48Pd24028 in the system TeOx-Pd was the most suitable 
because it had a high crystallization temperature and showed 
a large difference in transmittance before and after heating, 
DSC measurement and X-ray diffraction revealed that the 
crystallization of Te48Pd24028 thin films took place step- 
wise in four stages. The activation energy for crystallization 
in each stage was 4.17, 2.84, 5.39, and 1.79eV. The actual 
activation energy for crystallization seems to be 4.17eV be- 
cause the crystal found in Te48Pd24028 films recorded on 
the disc was PdTe precipitated by the first-stage crystalliza- 
tion. 

The laser irradiation pulse duration required for crystal- 
lization was investigated from the viewpoint of practical 
use. The result proved that the crystallization was caused 
by irradiation of a pulse width of 50ns or greater for 9mW 
power. The study of reliability indicated that the film had 
a life of 10 years or longer at 32°C. These results were 
discussed by relating them to the fact that Te48Pd24028 films 
had high activation energy for the first-stage crystallization. 
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Preparation of Porous Li2Sn03 for Blanket Material of 
Fusion Reactor and Its Tritium Release Behavior 
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As a candidate for solid blanket material of fusion reac- 
tor, porous particles of lithium stannate Li2Sn03 were 
prepared by the decomposition of lithium hexahy- 
droxystannate LizSn(oH)~j at a relatively low tempera- 
ture of 600°C. Sintering of these porous particles at 
1000°C resulted in blocks with bulk densities as low as 
about 50% theoretical. Densification of the block was 
found to be accelerated by either grinding of the starting 
powder or addition of LizO. The present process has 
advantages of low temperature synthesis of lithium com- 
pounds, and small size and high porosity of primary 
particles. 
Release of tritium generated by neutron irradiation and 
stored in the block occurred up to 600°C, a much lower 
temperature than with LizO. This result is reasonably 
explained as due to the small size of primary particles of 
LizSnO? and also due to the high porosity of the sintered 
block. 
[Received November 15, 1989; Accepted January 25, 19901 

Key-words: Fusion reactor, Blanket material, LizSnOs, 
Sintering, Porous material, Tritium release 

1. Introduction 

It is generally considered that nuclear fusion is essential 
as a future energy source. At present, the reaction between 
deuterium and tritium (D-T reaction) 

is being investigated for nuclear fusion. The tritium used 
for the D-T reaction is considered to be formed by the 
following reactions 

by irradiating neutrons n produced by the D-T reaction 
onto the blanket containing lithium installed around the 
fusion reactor core. The blanket materials for feeding 
tritium are broadly divided into two groups: liquid feeder 
materials represented by liquid lithium, lithium lead alloys 
and LizBeF4 molten salt, and ceramic solid feeder materials 
represented by LizO. The advantages and disadvantages of 
these materials have been pointed out in different articles.') 

For solid blanket materials, LizO, LiAlOz, LisA104, 

Li2Si03. Li4Si04, and LizZrOs have been 
These solid blanket materials have the advantages of higher 
chemical stability and higher working temperature than 
those of liquid blanket materials, while they have the disad- 
vantage that the presence of neutron multipliers is required 
since the lithium content is not so high, except for Li2O. In 
the preparation process of these materials (for example, the 
preparation of LizO by thermal decomposition of Li2C03 or 
the reaction of LizO with other metal oxides), there are some 
problems: very active lithium compounds are produced and 
corrode the vessel, and lithium easily sublimes at high 
temperatures, creating a high risk of change in composition. 
Lithium compounds generally have high corrosive and 
moisture absorption properties, and also have accelerated 
grain growth at high temperatures. leading to easy sintering 
and densification. Such characteristics interfere with the 
conditions required for tritium feeder blanket materials 
where tritium produced inside the blanket must diffuse out 
to its surface. 

To solve such problems of the preparation process and 
lithium compounds, the coprecipitation of various complex 
oxides and preparation by the alkoxide process have been 
tried, and also the control of grain structure by the spray 
drying method has been carried out. 

In fusion reactors, the recovery efficiency of tritium from 
the blanket is so important as to greatly govern the system 
integrity. Therefore, the basic process in which tritium 
produced in solid blanket crystals transfers into the swee 
gas has been studied theoretically and experimentally. f i  
The elementary process of transfer is divided into six 
processes as follows: 

1) Diffusion within the primary particles. 
2) Release on the surface of the primary particles. 
3) Permeation and diffusion along the interface of prim- 

ary particles. 
4) Release on the surface of secondary particles. 
5) Permeation and diffusion in the pores between sec- 

ondary particles. 
6) Mass transfer in the gas boundary film. 
The processes (1) and (2) depend on the primary par- 

ticles' size and crystallinity, the processes (3) and (4) on the 
properties of the sintered body such as density, grain size, 
and pore size, and the process (5) on the bulk properties of 
the blanket such as density. This means that the blanket for 
fusion reactors should be studied thoroughly to investigate 
the texture of the sintered blocks as well as the composition 
and the crystalline structure of the compound. 

We previously proved that Li2Sn03 powder, in which 
fine primary particles of about 0.2pm are aggregated to 
produce highly porous secondary particles, can be prepared 
by thermal decomposition at a low temperature of about 
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1. SEM micrographs. 
a) LizSn(0H)e precipitated ,b) and c) LipSnOg heated at 
800°C for 4 hrs. 

400°C after precipitating lithium as a complex hydroxide 
with tin, thus avoiding formation and sublimation of active 
lithium oxides, and that LizSn03 powder is difficult to sinter 
even at 1000°C. The basic physical properties of LizSn03 
were not known. Its behavior under neutron irradiation has 
also not been investigated. However, Li2Sn03 can be 
regarded as a candidate for blanket material because of its 
advantages of a simple manufacturing process suitable for 
high volume production, low sinterability at high tempera- 
tures, retention of porosity, and low moisture absorption 
properties. 

In the present study, the preparation of porous LizSn03 
including the compacting pressure in sintering, the effect of 
grinding before pressing and the effect of added Liz0 on 

Fig. 2. X-ray powder patterns. 
a) as-precipitated LipSn(OH)6, 
b) LipSnOg heated at 800'C for 4 hrs. 

sintering, was investigated. Also, the release behavior of 
tritium was investigated by determining the tritium released 
by gradually heating porous LizSn03 powder to a high 
temperature after forming tritium by neutron irradiation of 
the powder. 

2. Experimental Method, Results and 
Discussion 

2-1. Preparation of LiSn(OH)6 Complex Hydroxide 
Powder 

As described in the previous report,") the complex 
hydroxide LizSn(OH)6 is precipitated by gradually adding 
1M SnC14 aqueous solution to 2M LiOH aqueous solution 
and standing at room temperature. The precipitated 
LizSn(0H)fj mainly consists of hexagonal column-shaped 
particles about 10pm thick and about 40pm long as shown 
in Fig.la. The X-ray powder patterns of this powder have 
not been indexed and its structure is unknown. As shown 
in Fig.2a, however, each diffraction peak is very sharp, 
showing high crystallinity. The correspondence of this 
powder pattern to LizSn(0H)rj can be infened by the fact 
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DTA I 

Fig. 3. DTA-TG curves of the precipitate LizSn(0H)e. 

that after decomposition of the powder at a high temperature 
the resultant powder had the pattern of single-phase 
LizSnO3. 

To obtain Li2Sn(OH)6 complex hydroxide, aqueous 
LiOH may be added dropwise to aqueous SnC14. However, 
this process is unsuitable for obtaining single-phase com- 
plex hydroxide since Sn(OH)4 is often present in the precipi- 
tate. This is because the addition of a small amount of 
LiOH to weakly acidic SnC14 water solution increases the 
pH value of the solution, resulting in rapid precipitation of 
Sn(OH)4. The coexistence of Sn(OH)4 also occurred when 
SnC14 solution was rapidly added to strongly alkaline LiOH 
solution, or when the agitation was insufficient. For this 
reason, the SnC14 solution was diluted and dropped gradual- 
ly (for example, at a rate of 0.4ml/min) as described above. 
Since the addition of SnC14 solution decreased the pH value 
of the mother liquor, the addition of SnC14 solution was 
stopped at pH1 1.5. The precipitate was filtered, washed 
with distilled water, and dried at 80°C. The yield of com- 
plex hydroxide was about 60% based on added Sn. 

Such a low yield of LizSn03 was considered to be due 
to the high solubility in water. Therefore, the LiOH and 
SnC14 solutions were mixed and the mother liquor was 
added dropwise to a large amount of methanol to precipitate 
LizSn(OH)6. In this case, the yield increased to nearly 90%. 
However, the process using methanol was not employed in 
the experiments described below in this report for simplicity 
of operation. 

The previous report1') showed that metal stannate com- 
plex hydroxide MSn(OH)6 precipitates when a bivalent 
metal ion M" (for example, Mg or Co) is added dropwise. 
The feature of this process is the formation of oxide powder 
as fine particles by direct thermal decomposition of the com- 
plex hydroxide at relatively low temperatures. The process 
is called the complex precipitation process. 

2-2. Thermal Decomposition and High Porosity of 
LizSn03 

Heating of Li2Sn(OH)6 powder at 800°C for 4 hours 
yields highly crystalline single-phase LizSnO3 powder. 
This powder consists of secondary particles formed by the 
aggregation of primary particles of about 0.2pm with pores 

Fig. 4. X-ray powder patterns. 
a) as-precipitated, b) heated at 160C for 4 hrs., 
c) at 160'C for 11 days, d) at 240% for 15 days 
e) at 600°C for 2 days, f )  at 800°C for 4 hrs. 

of nearly the same size lying between the particles, as shown 
in Figs.lb and Ic. The secondary particles are hexagonal 
columns as with the starting hydroxide powder and are near- 
ly the same size as the starting powder particles. The X-ray 
powder patterns (Fig.2b agree exactly with those already 
reported for LizSnO3.l') This means that single-phase 
Li2Sn03 was obtained. The lattice constants determined for 
this sample were as follows: 

a = 0.5308nm. b = 0.9185nm. c =1.0022nm, 
p = 100.28" 
These constants agree with the values in reference.13) 
The thermal decomposition process of Li2Sn03 is given 

as DTA-TG curves in Fig.3. Up to 120°C. a sudden weight 
loss and the accompanying high endothermic peak were 
observed. These were considered to be due to the elimina- 
tion of absorbed water since the weight loss ratio and the 
shape of the endothermic peak were different from sample 
to sample. In Fig.3, for example, the endothermic curve in 
this temperature range seems to have two peaks. On the 
curves for other samples, however, these two peaks were 
not so clear. 

A large weight loss and a high endothermic peak were 
found in the temperature range from 120" to 260"C, and 
another weight loss in the wide temperature range up to 
700°C; so the thermal decomposition proceeds in two 
stages.The weight loss percentage in each stage was 15 and 
8wt%, respectively.For LizSn(OH)6 to decompose into 
Li2Sn03, three molecules of water must be released. Con- 
sidering that the elimination of one molecule of water causes 
a weight loss of 7.5wt%, two molecules of water are 
released to form LizSn02(OH)2 in the f is t  stage of thermal 
decomposition, and the remaining one molecule of water is 
released to form Li2Sn03 in the second stage. 

The structure change in this decomposition process was 
followed by measuring the X-ray powder patterns of 
samples heated at various temperatures up to 800°C for 
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Fig. 5. Changes of bulk density of LizSnOg with heat treatment 
time. 
a) specimen compressed under 20 MPa, 
b) specimen compressed under 100 MPa, 
c) specimen prepared from ground powder bycompessing 
under 200 MPa. 

various times. The typical X-ray powder patterns are shown 
in Fig.4. 

The sample heated at 160°C in the first stage of decom- 
position for 4 hours shows sharp diffraction peaks (Fig.4b), 
showing high crystallinity. This pattern, however, differs 
from that of the sample obtained immediately after 
precipitation (Fig.4a). This suggests a change in the struc- 
ture of the hydroxide. As the heating time was increased at 
this temperature, the diffraction pattern gradually became 
broad. After 11 days, no diffraction peak was found, so the 
structure had become amorphous (Fig.4~). At 240°C. close 
to the end of the first stage in DTA, this structural change 
naturally occurred earlier; heating for only one day made 
the structure amorphous. After 15 days, the broad diffrac- 
tion peaks were detected (Fig&), and the diffraction angles 
for these lines agreed roughly with those for Li2Sn03 
(Fig.40 obtained by heating at a substantially high tempera- 
ture. Therefore, crystallization is considered to begin in the 
second stage of thermal decomposition. The sample heated 
at 600°C in the second stage of thermal composition for 2 
days showed fairly sharp diffraction peaks, which means 
that crystallization proceeded. As seen in FigAe, however, 
020 and 11 1 diffraction peaks were still broad. Because the 
thermal decomposition had not been completed, the crystal- 
lization of this sample was not so complete as compared 
with the sample heated for 4 hours at 800°C. 

As a result of SEM observation of the heated samples, 
no porosity was found as shown in Figs.lb and Ic in the 
sample heated at 600°C for 2 days. In contrast, at 800°C 
characteristic pores were clearly observed after4 hours heat- 
ing. It is therefore considered that pores are formed when 
the thermal decomposition has ended and crystallization is 
proceeding. The mean pore diameter was 0.18km as 

measured by mercury porosimetry for the sample heated at 
800°C for 4 hours. This value agrees well with the results 
of SEM observation. The surface area of the sample 
measured by porosimetry was 6.4m21g, and the specific sur- 
face area measured by the BET method was 5.2m2fg. These 
values nearly agree with the specific surface area of 4.2m21g 
calculated by assuming a true sphere of 0.2bm. All pores 
in this LizSn03 powder were considered to be open pores. 

2-3. Sintering of Li2Sn03 Powder 
The sintering properties of the LizSnO3 powder were 

evaluated. The powder was prepared by thermal decom- 
position at 800°C for 4 hours and had a characteristic porous 
structure. About 0.4g of porous particles heated at 800°C 
and of powder ground in an agate mortar after being heated 
were used. The sample was compressed into pellets 20 or 
13mm in diameter and 1 to 3mm thick under various pres- 
sures, and heated at 1000°C. The bulk density of the pellet 
was measured daily. The results are shown in Fig.5. For 
the sample heated for 7 days in which the bulk density was 
maximum the fractured surface was observed by SEM. 
Typical SEM photographs are shown in Fig.6. 

The sample prepared by pressing LizSnOs powder that 
had not been ground had a bulk density as low as 2gJcm3 
immediately after being compressed. The bulk density did 
not increase even when heating at 1000°C was repeated, and 
only reached 2.5g/cm3, which was about 50% of the 
theoretical LizSnO3 density of 4.9gg/cm3. Even for such a 
low density, the effect of compressing pressure was noticed; 
the sample compressed at a higher pressure had a higher 
density immediately after being compressed, and heating at 
1000°C achieved a relatively higher bulk density. 

For these compressed samples, the porosity of the start- 
ing powders was retained as shown in Figs.6a and 6b. For 
the specimen heated at 1000°C for 7 days with the maximum 
bulk density, the primary particles grew from 0.2bm of the 
starting powder to about Ibm, and minute pores remained 
between the primary particles. 

For the specimen ground before being compressed, the 
density was high immediately after compression, and heat- 
ing caused rapid densification. The result shown in Fig.5 
was the most remarkable example, in which the relative 
density increased to about 93%, and considerable sintering 
occurred. The SEM photographs of the fractured surfaces 
(Figs.6~ and 6d) indicate that the individual particle surfaces 
consist of distinct crystal faces and almost no pores were 
found between them. The photographs also indicate that the 
size of the primary particles was almost unchanged as com- 
pared with those obtained by heating of the unground speci- 
men, but the surface conditions had greatly changed. 

Although a large effect on sintering due to grinding was 
noticed, it is difficult to quantitatively evaluate the effect of 
grinding on the starting powder, and reproducibility was not 
very high. Therefore, unground porous powder was com- 
pressed after Liz0 was added, and heated at 800°C for 20 
hours to measure the bulk density and observe the fractured 
surface by SEM. As a result, it was found that the addition 
of a small amount of Liz0 greatly accelerated the crystal- 
lization of primary particles and densification of the com- 
pressed block. For a specimen to which 5wt% Liz0 was 
added, for example, the relative density increased to 77%. 
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Fig. 6. SEM micrographs. a, b)specimen compressed under 20 MPa and heated at 1000°C for 7 days, c, d)specimen compressed under 
200 MPa and heated at 1000°C for 7 days. 

Fig. 7. SEM micrographs of Li2SnOg sintered at 800°C for 2 days 
by adding 5% Li2O. 

CuO(600 'C) 
SUS QUARTZ 
(12o.c) TUBE ,/ :Om 

1 1  Mt' tK / WATER BUBBLER 
/SAMPLE 
(on A1203 BOAT) 

Fig. 8. Experimental set-up for recovery of tritium released from the 
Li2SnOg block at different temperatures. 

and primary particles surrounded by distinct crystal faces, 
as shown in Fig.7, were observed on the fractured surface, 
and large particles with abnormal growth were found in 
some areas when the specimen was heated at 800°C for 20 
hours. The addition of more LiO2 increased the size of 
primary particles, but did not always increase the relative 
density of the compressed block. This is probably because 
of partial evaporation of LizO. In these cases the platinum 
foil on which the compressed block was placed was cor- 
roded. 

2-4. Tritium Release 
Neutron irradiation was carried out on LizSnO3 powder 

obtained by heating LizSn(OH)6 at 800°C for 4 hours, so 
that the release behavior of the tritium formed could be 
investigated. 

0.12g Li2Sn03 powder was vacuum-encapsulated in a 
quartz ampoule. Tritium of about 37kBq was formed by 
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Table 1. Chemical forms of released tritium. 

1 sample 

L i 2 0  1 ( R e f .  5 )  

neutron irradiation at the thermal neutron irradiation aper- 
ture (lo8nti,/cn? sec) of the fast neutron reactor "Yayoi", 
at the Nuclear Engineering Research Laboratory, Faculty of 
Engineering, University of Tokyo. The irradiated sample 
was placed on an alumina boat positioned in a quartz sample 
holder in a glove box with an Ar atmosphere. The ex- 
perimental equipment was set up as shown in Fig.8. He or 
He + 1%H2 (100cm3/min) was used as a sweep gas. Tritium 
released by heating of the specimen was transferred to the 
tritium recovery system. The released and transferred 
tritium was recovered as a water-soluble component (mainly 
HTO) and water-insoluble component (mainly FIT) with two 
water bubbler traps between which copper oxide was in- 
stalled. At the end of the experiment, the concentration was 
measured with a liquid scintillation counter. Heating during 
the experiment was carried out stepwise at 100°C intervals 
from room temperature to 1000°C. Each temperature was 
held for 40 minutes, during which the released tritium was 
recovered with the water bubbler (the water bubbler was 
changed at each interval). The integrity of the experimental 
equipment against tritium release was checked by perform- 
ing a release behavior test for a Li2C03 sample subjected 
to neutron irradiation, and by comparing the result with the 
value in reference.I4) Table 1 lists the chemical forms of 
tritium released in this experiment. The chemical form of 
tritium released when He is used as a sweep gas contains a 
water-soluble component of above 98%. This result is 
similar to the experimental result of tritium release from 
Li20 into a va~uum.~ '  The addition of 1% H2 gas to the 
sweep gas decreases the content of water-soluble com- 
ponent. 

Figure 9 shows the tritium release profiles obtained by 
this experiment. In this figure, the normalized values of the 
amount released at each holding temperature in relation to 
the total release amount were plotted as a function of hold- 
ing temperature. Eleven percent of the water-insoluble 
tritium component was released at mom temperature. This 
is due to the fact that tritium (27 MeV) produced by the 
nuclear reaction was adsorbed again on the sample surface 
after evolution from the sample particle to the gas phase. 

temp. 
F I 

He 1 98 .8  

Temperature ('C ) 

1 . 2  

1.5 

4.2 

4.0 

1.8 

He 

He + 1 % H 2  

He + 1 % H 2  

release t o  

vacuum 

Fig. 9. Tritium release profiles from the LipSnm block in the forms 
of water-soluble(W) and water-insoluble(G) components. 

- -- 

R.T. 

1000  "C 
I 

R.T. 
I 

600 'C 

98.5 

95 .8  

96.0 

9 8 . 2  

The amount of tritium released from the sample increased 
at about 300°C. Almost all the tritium was released up to 
600°C. This result indicates that LizSnOs has a tritium 
release peak at a temperature equal to or lower than that for 
LizO, which is promising for a solid feeder material. This 
is due to the small primary particles and high porosity of 
the sintered blocks of LizSnOs. We are planning to deter- 
mine the diffusion coefficient of tritium in the crystal grains 
and at the grain boundaries, and the rate constant for the 
release from the surface. 
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Changes in Infrared Spectra and Lattice Constants of 
Fluorine Micas with Al-Substitution 
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Series of AI-substituted fluorine micas, K M ~ Z + ~ L ~ I - ~  
(AlxSi4-x,GeyO~o)Fz a n d  K M g ~ + ~ L i i - ~ ( A l ~ G e 4 - ~ - ~  
SiyO1o)Fz; x=0.0 to 1.0, y=0, 1,2,3, were synthesized and 
variations of infrared spectra and lattice constants with 
Al-substitution were studied and compared to those with 
Ga-substitution reported previously. The infrared spec- 
tra of the synthesized micas varied sensitively with com- 
position. Continuous changes in lattice constants with 
increasing Al-contents proved that there were complete 
series of solid solutions between the end member micas. 
Lattice constants a and b increased almost linearly with 
increasing Al-content in all series. However, c.sinp (basal 
spacing) remained almost unchanged or  slightly in- 
creased in the case of Al-for-Si substitution while it 
decreased linearly in the case of Al-for-Ge substitution. 
These complicated changes of cell dimensions were ex- 
plained in terms of me tetrahedral rotation angle a, the 
octahedral flattening angle y, and the change in inter- 
layer conformation. Linear relationships between c,sinp 
and average radius of tetrahedral cation were obtained 
for Al- and Ga- micas having an x-value of 1.0 and for 
micas having x-value of 0.0, respectively, showing that 
the cell dimension and structural deformation depend 
essentially on both the charge balancing and the size of 
tetrahedral cations. 
[Received December 1, 1989; Accepted January 25, 19901 

Key-words: Fluorine mica, Al-substitution, Lattice con- 
stant, Solid solution, Infrared spectrum 

1. Introduction 

The isomorphic substitution of synthetic fluorine mica 
has been extensively studied, and micas with various com- 
positions have been prepared.1) The authors previously 
reported on series of micas limited by end compositions of 
taeniolite K M ~ Z L ~ ( S ~ ~ O I ~ ) F Z ~ )  and mica in which a part or 
all of the si4+ was substituted with Ge4+. The si4+ and ~ e ~ +  
were further substituted with Ga3+ with a larger ionic radius 
to synthesize fluorine micas with various compositions, and 
the changes in infrared absorption spectra and lattice con- 
stants were in~es t i~a ted .~)  In this study, as part of our re- 
search on the synthesis of isomorphic substituted analogues 
of such fluorine micas and their properties, the synthesis of 
Al-substituted fluorine micas with various compositions 
corresponding to the Ga-substituted fluorine micas in the 
previous report, infrared spectroscopy and powder X-ray 
diffraction of these materials were carried out. The changes 

in the infrared spectra and lattice constants of Al-substituted 
fluorine micas, and a comparison with Ga-substituted 
analogues are discussed. Such a comparison between com- 
pounds substituted with A I ~ +  and Ga3+, which have different 
electronegativities and ionic radii, though in the same 3B 
family, is expected to provide useful information for defin- 
ing the structure and characteristics of fluorine mica. 

2. Experimental 

2-1. Synthesis of Fluorine Mica 
Special-grade reagents, SiOz, MgO, MgF2, LiF, KF, 

GeOz and A1203, were mixed to achieve the compositions 
of 8 series of compounds with the general formulas of 
KM~~+xL~I-x(AIxS~~X-~DG~~OIO)F~ and KMgz+~Lil- 
x(A1xGe4-x-ySiMVyO~o)Fz (x=O.O, 0.2, 0.4, 0.6, 0.8, 1.0) 
with y being 0, 1, 2, or 3. Each mixture (2g) was sealed in 
a platinum container (9X9x40mrn) and melted at 1400°C for 
a sample with high SiOz content or at 1300°C with a high 
GeOz content for 2 hours. They were cooled gradually at 
a rate of 2-3"CImin. down to 8WC, and then removed from 
the furnace for cooling to obtain crystallized products. 
These were observed with a microscope to examine the size 
of the precipitated mica crystals as well as the presence of 
different minerals.The compositions of the 8 series of Al- 
substituted micas are expressed by the tetrahedral composi- 
tion of mica, e.g. a KMgz+~Lii-~ (A1xSi3-xGe0~0)Fz series 
as the AlxSi3-, Ge series. 

2-2. Infrared Absorption and X-ray Diffraction Analysis 
Synthesized crystals were ground in an agate mortar, and 

sieved through a 325 mesh screen to prepare powder 
samples for infrared absorption spectrometry by the KBr 
disk method (Shimadzu, IR-430). The wavenumber of the 
absorption band was corrected using a polystyrene standard. 
For powder X-ray diffraction, CuKa radiation was used to 
identify any minerals other than mica. 12-16 diffraction 
lines were measured in the range of 24"<2%74" at mom 
temperature in order to determine the lattice constants by 
the least square method. Diffraction angles were corrected 
with silicon as standard. 

3. Results and Discussion 

3-1. Synthesis of Mica 
Higher Al substitution and higher Ge content caused 

larger crystal sizes in the synthesized mica, and in the case 
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of AIGe3 mica, crystals of good quality were obtained with 
a maximum size of 6-7mm, with a colorless and transparent 
appearance, and cleavability. Observed by a polarizing 
microscope and powder X-ray diffraction, no crystal phases 
or glass phases were detected except for fluorine mica. 
Therefore, the entire starting material was changed into 
mica with a constant composition, almost equal to the 
theoretical composition calculated from the starting material 
mixing ratios. 

3-2. Infrared Absorption Spectra 
Figure 1 shows the infrared absorption spectra of 

samples of the AlxSicx, AlXGecx, AlxSi3.xGe, and AlxGes. 
xSi series. The absorption bands at 1115,962, and 706cm-' 
of mica with x=O.O composition (equivalent to taeniolite) in 
the AlxSi4.x system in Fig. 1 (1) are due to the stretching 
vibration of Si-0, and according to the lattice vibrations of 
(Si205)n of talc4) and mica:) the absorption bands are con- 

2 sidered to be attributable to all,  ell,  and a 1 modes, respec- 
tively. Further, the absorption band at 462cm-I is caused by 
the deformation vibration of Si-0, and is attributable to an 
e21 mode. Absorption bands at 11 15 and 962cm-I are dis- 
tinctly separated from each other at x=O.O and shifted 
toward each other with an increase in the X value. 
Moreover, at x=0.4, an absorption band appeared at 
1020cm-I, and at x=1.0, it changed into a single broad ab- 
sorption band with shoulders on both sides. At the same 
time, as the x value increased, a new absorption band ap- 
peared near 810cm-I and the absorption intensity showed a 
large increase. This absorption band is considered to be 
caused by the vibration of Aliv-0 from the results of infrared 
absorption spectra of conventional Al-substituted mica.6) 
Additionally, with an increase in the x value, shoulders ap- 
peared on each side of the absorption band at 706cm-I. 

Samples with composition x=O.O in the AlxGwx system 
in Fig. 1 (2) correspond to the Ge-isomorphic substitution 
analogue of taeniolite. The absorption bands at 880 and 
800cm-I in this spectrum are considered to be due to the 
stretching vibration of Ge-0, and that at 405cm-' to the 
deformation vibration of ~ e - o . ~ '  In this substitution system 
also, the absorption bands at 880 and 800cm-I shifted closer 
to each other with an increase in the x value, and further at 
x=0.4 a new absorption band appeared in the vicinity of 
840cm-l, changing at x=1.0 into a single broad band with 
shoulders on both sides. In addition, an absorption band 
near 600cm" overlapped the one at 620cm-' which ap- 
peared with an increase in the x value, forming a single 
broad band at x=1.0. In the case of the AlxSig.xGe system 
in Fig. 1 (3) and AlxGe3.xSi system in Fig. 1(4), major 
absorption bands appeared as in the AlxSicx and AlxGecx 
systems. When the x value increased, the spectrum of each 
system changed continuously in similar ways to those of the 
systems in Figs. 1 (1) and (2) above. Moreover, the inten- 
sity ratio of the absorption bands of Si-0 and Ge-0 appear- 
ing in the region 800-1100cm~~ varied with the Si-Ge 
content ratio. All the AlxSiz-xGez, AlxSil-~Ge3, AlxGez. 
xSi2, and AlxGe~-xSi3 systems had similar spectra to those 
in Figs. 1 (3) and (4). 

When the spectral changes of these Al-substituted micas 
are compared with those of Ga-substituted mica, the follow- 
ing similarities occurred with an increase in the substitution: 

1200 1000 800 600 400 
Wavenumber I C ~ '  

( 2 )  

wavenumber l c<' Wavenumber1 cm'  

( 3 )  ( 4 )  

Fig. 1. Infrared spectra of Al-substituted fluorine micas. 
(1) KMg2+xLii -x(AlxSi4-xOl o)F2 
(2) KMgz+xLii -x(AlxGe4-~01 o)F2 
(3) KMg2+xLil~x(AlxSi3-~GeOl o)F2 
(4) KMgz+xLil -x(AlxGe3-~SiOl o)F2 

i) absorption bands of a' I and ell modes of Si-0 and Ge-0 
shifted close to each other, and ii) a new absorption band 
appeared with an increase in the x value. However, the 
extent of the shift of the absorption bands was different as 
well as their locations. The absorption band of Ahv-0 was 
characteristic of Aliv substitution, but was not detected in 
systems other than AlxSicx and AlxSi3Gel-x because of the 
overlapping stretching vibration of Ge-0. As stated above, 
the infrared absorption spectra of fluorine mica proved to 
change sensitively in response to the chemical composition 
of mica. This indicates, therefore, that the composition of 
the synthesized mica varies according to the x value. 

3-3. Lattice Constants 
Figures 2 and 3 show the relationship between the x 

value and lattice constants for the mica of each substitution 
system, separated into two groups: a KMg2+~Lil.~(Al~Si4. 
X - ~ G ~  0MVIO)Fz series with successive si4+ substitution 
by A?+ with a constant Ge content of the tetrahedral layer; 
and a K M ~ Z + ~ L ~ I - ~ ( A I X G ~ ~ - ~ - ~ D  ~ i y 0 1 0 ) F ~  series with suc- 
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Fig. 2. Lanice constants of KMg2+xLit-~(AlxSi4-~-~ Gey0io)Fz Fig. 3. Lattice constants of KMg2+xLil-x(AlxGeq-x-y Siy010)~2 
series fluorine micas. series fluorine micas. 
(1) y=O; AlxSi4-x (2) y=t; AlxSi3-xGe (1) y=3, AlxGei-xSi3 (2) y=2; AlxGep-xSiz 
(3) y=2: AlxSiz-xGe2 (4) y=3; AlxSil-xGeg (3) y=1; AlxGe3-xSi (4) y-0; AlxGeq-x 

cessive Ge4+ substitution by A I ~ +  with a constant Si content 
in the tetrahedral layer. Moreover, the lattice constants 
measured for typical end member micas, as well as related 
reference data for mica are listed in Table 1. The standard 
deviation is given in parentheses. Table 2 shows the data 
of powder x-ray diffraction for typical Al-substituted end 
member micas. 

The measurement of the lattice constants of mica with 
x=O.O composition (taeniolite) and with x=1.0 composition 
(fluorine phlogopite) of the AlxSi4., system in Fig. 2 (1) 
were in good agreement with the reference values in Table 
1. The lattice constants a and b of mica of the AIXSiq., 
system in Fig. 2 (I), AlxSis-xGe system in Fig. 2 (2), AlxSiz- 
~ G e z  system in Fig. 2 (3). and AlxSil.xGe3 system in Fig. 2 
(4) increased almost linearly according to Vegard's rule with 
an increase in the x value. Nevertheless, the lattice constant 
c showed little change and tended to reach a maximum at a 
certain x value. 

In contrast, in systems where Ge4+ was substituted by 
A I ~ + ,  the lattice constants a, b, and P increased linearly with 
the x value as in Fig. 3, (1) to (4), while the lattice constant 
c decreased almost linearly. In the case of substitution sys- 
tems with high Ge content, the axial angle P exhibited a low 
increase rate. As has been described above, the lattice con- 
stants of both the si4+~13+ substitution system in Fig. 2 and 
the Ge4+ AI~ '  substitution system in Fig. 3 changed con- 

Table 1.Lattice constants1) for various fluorine micas. 

Com~osltion of mlcas altil bllii cllil # If'] 

KM.iL1lSlrO..iF. 5.221111 9.051121 10.141111 99.86121 

KMP:L1IS1.O,.1F-' 5.231111 '3.06512) 10.140llJ 99.86121 

KMq,lRlS1,0s.)F1 5.31511J 9.202111 10.131111 100.0811) 

KHg,IAlS1,O.,JF:" 5.3Ollll 9.195121 10.134l11 iOO.onI11 

K M ~ , L ~ I G ~ S I I O ,  IF. 5.272111 9.139111 10.247111 99.8411) 

KNq. lAldeS1.01. IF. 5.33513) 9.245131 10.249131 100.0313) 

KMq~LI.IGe:S1.0. .IF; 5.315111 9.20711) 10.345lll 99.8611) 

KM9. IAlGe,510. .IF. 5.364121 9.29212) 10.361 (11 99.94121 

KMliLilGe,SIO..JF. 5.349111 9.263111 10.446111 99.8012) 

KMq, lAlGe,O,~IF: 5.396121 9.34412) 1 0 . 4 7 1  121 99.9012) 

K ~ ~ ~ I I A ~ G ~ , O , . I F ; ' '  5.11716) 9.34515) 10.168111 100.0313) 

KMqaLllGe.0 .IF: 5.38811) 9.334111 10.556171 99.78(1) 

KMg,LJIGe.O "IF.' 5.395111 9.341 11) 10.541Ill 93.8112) 

11 Standard devlaflonr are In parentheses.  

21 Rfter Toraya ef al. 119771. 119781. 

31 After Takeda et al. 119751. 

tinuously with the x value, proving that they are complete 
solid solution systems. 

However, notable anisotropy was detected in "chemical 
expansion"8) of lattices by such isomorphic substitution. 
Consequently, in order to study this anisotropic expansion 
and contraction behavior, the relationship between the b- 
axis value, a typical direction to indicate the size of a mica 
structure, and the basal spacing value (c.sinp) in 8 series of 
synthesized mica was examined, as in Fig. 4. The major 
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compositions of end member micas of each series are given 
in the figure. 

In the si4+A13+ substitution system in Fig. 4 (I) ,  the 
relationship between the b-axis value and basal spacing is 
nonlinear, and the b-axis value greatly increases with an 

Table 2.X-ray powder diffraction data of Al-substituted fluorine 
micas. 

KMq,  IRlSI.GeO, . I F ,  

d /i 111, hkl 

10.09 90 001 

5.046 38 002 

4.623 7 020 

ll.567 2 i l 0  

4 . 4 0 2  1 <  1 1 i  

3.943 1 I 1 1  

3.671 4 1 1 2  
022 

3.364 003 

3.157 0 112 

2.929 6 11i 
2 . 7 2 0  1 0 1 1  

2.650 I 110.20i 

2.627 5 2 0 0 . 1 3 i  

2.523 16 004 

2 . 1 4 1  201.137 

2.271 1 201.112 

2 180 2 202.11i 

2.019 30 005 

j r h  104.133 

5 1 134.205 

1.682 8 006. 

Ish 204.13? 

20S.135 

I s d l  o6o.31i 

1.447 3 007 

1 171 1 027 

l .36B 4 136.207 

KM., IAISIGerO, I IF, 

d /i I/I, hkl 

10.20 80 001 

5.103 10 002 

4.666 1 020 

4.591 I 1 1 0  

5 I (  11i 
3.971 1 111 

3.701 3 1 1 7  

rh 022 

3.402 '100 003 

1.184 6 112 

2.954 5 11i  
2.745 3 021 

2.672 3 130.20i 

2.642 4 z00.13i 

2.551 21 004 

2.457 I 201.137 

2.286 1 20J.112 

2.196 202.111 

2 . 0 4 1  20 005 

2.010 1 201,131 

I . n o  2 13a.203 

1.701 5 006 

Ish 201.11? 

1.550 2 115.20% 

I 2 060,11i 

1 . 5 1 1  I<  116 

1.418 I 007 

1.391 1 021 

I ,381 1 116.2oi 

IN n,ca type structure. 

*nte.,t,ca probably affected b" preferred orlentatlo" uhlch 

lnhances 001 rellect~ons. 

The s,qn Sh shows the shoulder reflectlo". 

increase in the amount of Al substitution in each system 
while the basal spacing changes little or decreases after a 
slight increase. Such nonlinearity in the relationship be- 
tween b and csinp was not seen in the si4+Ga4+ substitution 
of the Ga substitution system in the previous report.3) 
Moreover, when the difference (Ab) of the b-axis values of 
both end member micas is compared as well as that of the 
basal spacing (Ac.sinp), Ab decreases in substitution sys- 
tems with high Ge content, while Ac.sinp becomes negative 
in AlxSi4+ and AlxSi3.xGe systems, and positive in AlxSiz- 
xGez and AlxSi~-xGe3 systems, thus proving that the sign of 
Ac.sinp is reversed with higher Ge content. 

On the other hand, in the case of the Ge4+A13+ substitu- 
tion system in Fig. 4 (2). the Al substitution slightly in- 
creased the b-axis value but decreased basal spacing greatly, 
but there was a linear relationship between the b-axis value 
and basal spacing. Especially, it was observed that as the 
Ge content increased the negative gradient became greater 
while Ab was lower. In the ~ e ~ + G a ~ +  substitution of the 
Ga substitution system reported earlier, a nonlinear relation- 
ship was detected between b and c . s i n ~ . ~ )  

Although the proportion of and ~ i +  at the oc- 
tahedral site of mica of each substitution s stem is different 
depending on the x value. their ionic radi?) are close (0.72 
and 0.76 respectively) so that the influence of the size of 
positive ions at the octahedral site on changes in the b-axis 
value and basal spacing is considered to be small. In con- 
trast, the ionic radii of si4+, Ge4+, and ~ 1 ~ '  at the tetrahedral 
site are 0.26, 0.39, and 0.39 respectively.7) Consequently, 
an increase in the b-axis value of the Si4+A13+ substitution 
system is supposed to be caused mainly by the size of ions 
at the tetrahedral site, whereas an increase in the b-axis 
value and a decrease in basal spacing of the Ge4+~13+ sub- 
stitution system cannot be explained by the ion size. Then, 
the relationship between b and c.sinp in Fig. 4 was inves- 
tigated using the structural distortion of coordinated 
polyhedra in the mica structure. 

It is known that the mica structure has structural distor- 
tion in each sheet to accommodate dimensional misfitting 

Fig. 4. A plot of c.sinp vs. b-dimension for the Al-substituted fluorine micas. (1) K M ~ ~ + X ~ ~ ~ - X ( A ~ X S ~ ~ - X - ~ G ~ ~ O I O ) F ~  series, (2) KMgz+xLil- 
x(AlxGe4-X-ySiyOi o)F2 series 
The tetrahedral composition is expressed in the figure as abbreviated symbols for the end member fluorine micas. 
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C* Table 3.Predicted nl ye  s of a1;jmd yf2) for some fluorine micas and 
estimated eb and do values used for calculation. 

Fig. 5. Schematic illustration of tetrahedral rotation angle (a) and 
octahedral flattening angle (y). 

between tetrahedral and octahedral sheets. As shown in Fig. 
5, the distortion of the tetrahedral sheet is expressed by a 
tetrahedral rotation angle a and that of the octahedral sheet 
by an octahedral flattening angle y~.~,') That is, with an 
increase in a the tetrahedral sheet contracts in the b-axis 
direction, and with an increase in y~ the octahedral sheet 
expands*in the a-and b-axis direction and contracts in the 
c.sinp(c ) direction. Moreover, a and y~ are related to the 
b-axis value by the following equations (1) and ( 2 1 ~ ~ ~ ) :  

yr = sin-' (b136,do) . . . . .  (2) 

where eb is the distance between basal oxygen and do is 
that between the positive and negative ions of the oc- 
tahedron. Here, eb and do values of four kinds of fluorine 
mica samples after structural analysis were used: taeniolite, 
fluorine phlo opite,') and their isomorphic substituted 
anaIogues.lO,'') In the case of the mica series governed by 
the same way of charge balancing that indicates whether 
interlayer cations in the mica structure compensate for posi- 
tive charge deficiencies caused in the octahedral sheet or 
tetrahedral sheet, a linearity was assumed between the mean 
ionic radius (Rm) of a tetrahedral cation and eb as well as 
the b-axis value and do in order to estimate eb and do values 
of each end member micas. Table 3 lists the above eb and 
do values, a and y~ values obtained from these values along 
with the measured b-axis value using equations (1) and (2), 
and related reference values. From the table it is clear that 
the higher the Al substitution or the Ge content, the greater 
the a and y~ values, that is, the distortion of the mica struc- 
ture in these samples. As stated above, Ge substitution 
causes great structural distortion and the rotation of the 
tetrahedra considerably relieved an increase in the h-axis 
value, so that in Fig. 4 (1) and (2) higher Ge content is 
considered to have resulted in lower Ab. In G$+AI~+ sub- 
stitution in Fig. 4 (2), the b value increased even with the 
same size of ~ e @  and A13+ ions; probably because as the 
charge balancing transforms an octahedral to a tetrahedral 
sheet, the negative charge localizes rather in basal oxygen 
than in apical oxygen, thus increasing the repulsion between 
basal oxygens as well as raising the eb value as in Table 3. 

The basal spacing (c.sin$) can be expressed by equation 
(3) using the thickness of an interlayer region (IL), that of 
a tetrahedral sheet (TL), and that of an octahedral sheet 

K l l g .  [RIGe,O,.lF, 16.3 6 0 . 0  2.811 2.016 

KMq, (AlGe,O,.lF." 15.9 60.2 2.811 2.016 

KMq.LI(Ge.O,,)F; 13.1 59.2 2.173 2.092 

X M ~ , L ~ [ G ~ . O , ~ ) F , ~ '  13.5 59.3.' 2.113 2.092 

11 n :tetrahedral rotatlo" angle 

21 L :octahedral flattening anqla 

31 e.:the basal 0-0 distance 

a] d.:rhe averaqe octahedral cation to anlon dlstanes 

5) lifter Toraya et a1. i19771. (1978J. 

61 shown far *I21 Exre 

71 After Takeda et al. (1975). 

Despite the same size of ~ e @  and A13+ ions, the c,sinp 
value of AIGe3 mica is much lower than that of Ge4 mica, 
which is due to the fact that the expansion and contraction 
of the lattice is affected by the charge balancing, thus lead- 
ing to substantial flattening of the octahedral sheet and the 
OL value decreasing as in Table 3. The same reasoning 
applies to the case where Ac.sinp in each substitution system 
in Fig. 4 (2) has a negative value. Moreover, Acsinp has a 
negative value in substitution systems with high Si content 
in Fig. 4 (I), resulting in the conclusion that the decrease in 
OL exceeded the increase in TL. 

In the above discussion, the thickness IL was ap- 
proximated as constant, but in the substitution system with 
high Ge content, with high A1 substitution and large a, IL 
is considered to increase as a  increase^,^'^) so that it is 
necessary to consider an IL increase. Consequently, the 
conversion of A c h p  to a positive value in the substitution 
system with high Ge content in Fig. 4 (1) is believed to be 
caused by the large contribution of this increase in IL. Ad- 
ditionally, csinp reaching a local maximum at a certain x 
value can he shown to be due to the effect of an OL decrease 
due to A1 substitution balancing that of a (TL+IL) increase. 
Further, higher Ge content in Fig. 4 (2) leads to a slight 
decrease in Ac.sinp; the reason may be that an (IL) increase 
because of an increase in the a value cancels the (OL) 
contraction because of an increase in the distortion of oc- 
tahedrons. The above discussion taking changes in the 
thickness of each coordinated polyhedron into considera- 
tion, can explain complicated changes in basal spacing al- 
though in a qualitative manner. 

The relationship between c.sinp and the mean ionic 
radius (Rm) of tetrahedral cations is shown in Fig. 6 for 
each end-member mica of the Al-substituted system and the 
corresponding Ga-substituted system,3) as well as the major 
compositions of micas. Different straight lines are plotted 
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Fig. 6. The relationships between c.sinp and average radius of 
tetrahedral cations for typical end member micas having 
general formulas KMgg (ZSi3-yGeyOlo)F2 [Z=Al, Ga; y=O, 
1,  2, 31 and KMg2Li (Si4-yGey010)F2 [y=0,1,2,3,4]. 
Mica composition is shown as abbreviated symbols for com- 
position of tetrahedral layers. 

for mica series based on different charge balancing, but 
good linearity is established between csinp and Rm. This 
indicates that the size of lattices and the distortion of coor- 
dinated polyhedrons is basically determined by the factors 
of ionic radius and charge balancing. In the figure the 
straight line N is located lower than the straight line L and 
has a greater gradient than the latter, suggesting that the 
charge balancing with a trivalent ion on the tetrahedral site 
allows a greater decrease in OL and a greater increase in IL 
(AIL). In this substitution system, both factors of Rm and 
the charge balancing vary with an increase in the x value, 
so that in the case of a Ge4+Ga3+ substitution system 
(A~0.08) and si4+~13+ substitution system (A~0.13) 
having a small difference (Ar) in the size of substitute ions, 
the b-c.sinp relationship is considered to show a nonlinear 
change by the balance of the effect of both factors. Espe- 
cially, in the case where either Rm or the way of charge 
balancing plays a greater role, it is expected to be a linear 
b-csinp relationship. 

4. Conclusions 

A series of Al-substituted micas of K M ~ Z + ~ L ~ I - ~  (AlxSic 
X - ~ G ~ ~ O I O ) F Z  and KM~~+XL~I-~(AIXG~C~-~S~~O~O)F~ 
[x=O.O to 1.0, y = 0,1,2,3] was synthesized using taeniolite, 
KMg2Li(Si4010)F2, and its Ge isomorphic analogues as 
end-member micas, in order to investigate changes in in- 
frared absorption spectra and lattice constants due to 
isomorphic substitution. The results were com ared with 
those of a Ga substitution system reported earlier!) to obtain 
the following results. 

1) The infrared absorption spectra of mica varied con- 
tinuously with changes in the amount of isomorphic sub- 
stitution, and a new absorption band due to Al substitution 
in the high Sicontent systems as well as the shift of Si-0 

and Ge-0 absorption bands was observed. 
2) Lattice constants changed continuously with the 

amount of Al substitution, showing a formation of complete 
solid solution system. 

3) The lattice constants a and b increased monotonously 
with the amount of Al substitution. Basal spacing (win ) 2 showed little change by the replacement of si4+ with Al , 
while it decreased monotonously by replacing Ge4+ with 
~ 1 ~ ' .  

4) A higher percentage of Al substitution and Ge content 
resulted in greater structural distortion (a,  v) of tetrahedral 
and octahedral sheets. 

5) The change of lattice constants by Al substitution 
could be explained by a b-c.sinp diagram, structural distor- 
tion (a, yf) and a change in the structures of interlayer 
regions. 

6 )  Plotting c.sinp value of each end member mica includ- 
ing the corresponding Ga substitution mica against the mean 
ionic radius (Rm) of tetrahedral cations showed a linear 
relationship for each mica series with the same charge 
balancing, which indicated that the lattice size and the dis- 
tortion of coordinated polyhedrons depend on both the ion 
size and the way of charge balancing. 
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Decrease of the Solubility of Gypsum by Incorporation 
of Phosphate Ion 
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The conditions for direct preparation of fibrous 11-gyp- 
sum anhydride having the lowest solubility in gypsum 
modifications by the reaction in CaC12-HzS04-CH30H 
system were reported in a previous paper.Studies were 
made to investigate the relationship between the incor- 
poration of phosphate ion and the decrease of both 
solubilities of acicular form (produced by the reaction of 
CaC12-Na2SO4-NazHP04 system) and  fibrous form 
(produced by the reaction of CaS04-NazHP04-CH30H 
system) of gypsum hemihydrate. 
Phosphate ion was incorporated into the acicular 
hemihydrate by adding a CaClz solution to a mixed solu- 
tion (pH8) of NazS04 and NazHP04 at  10O0C.Changes 
in lattice constants caused by the substitution of ~ 0 4 ~ '  

~ ~ 0 4 ~ -  in gypsum hemihydrate crystal were found by 
X-ray diffraction.The upper limit of the incorporation 
was 7 percent (HPO~"/SO~~-  mol ratio O.O7).This finding 
was also supported from data of TG-DTA, IR spectra 
and scanning electron microscopic observation.However, 
the upper limit was raised up to 15 per cent ( ~ ~ 0 4 ~ -  
  SO^^- mol ratio 0.15), if pH of the mixed solution was 
adjusted to 9 from 8 by adding NaOH solution. 
On the other hand, the fibrous hemihydrate was incor- 
porated with phosphate ion by the reaction between 
Na2HP04 solution and gypsum organogel which was 
produced by adding methanol to a saturated solution of 
gypsum dihydrate at 65"C.The upper limit of the incor- 
poration of phosphate ion was also 15 per cent.This 
fibrous solid solution had a very high water-resistivity as 
0 .4~10.~  ca2+ mol dm-' after dipping in water for l h  
retaining the original fibrous form.Moreover, fibrous II- 
anhydride produced by heating this fibrous solid solution 
showed a good water-resistivity, decreasing to about 1/50 
against that of gypsum dihydrate (1.52~10-~ ca2+ mol 
dm-3 after dipping in water for lh). 
[Received December 11, 1989; Accepted January 25, 19901 

Key-words: Incorporation of phosphate ion in gypsum, 
Water-resistivity of fibrous gypsum hemihydrate, ~ ~ 0 4 ~ -  

e ~ 0 4 ~ -  substitution, Inorganic filler 

Through a series of studies on making calcium com- 
pounds fibrous, we have already proved that gypsum 
hemihydrate, particularly when highly c-axis oriented in 
hexagonal crystals, is ready to be turned fibrous, and we 
have also reported that such gypsum, if kept fibrous by 
heating, can be turned into slow-dissolving 11-gypsum an- 
hydrite.')~owever, it is inevitable that the fibers are 
weakened by heating and rearrangement.We also have 
reported on the decrease of solubility obtained by synthesiz- 
ing fibrous 11-gypsum anhydride directly from gypsum gel.2) 

If the solubility of gypsum can be sufficiently decreased, 
gypsum can be applied as an exterior architectural material 
and if fibrous gypsum also can be made less soluble it will 
have prospects as a filler for paper and plastics.Thus, notic- 
ing that unstable-shuctured gypsum hemihydrate with the 
highest solubility was ready during its settling to allow other 
ions to coprecipitate and incorporate, we tried to decrease 
its solubility by allowing phosphate ions to incorporate in 
fibrous gypsum hemihydrate during synthesis.There are 
various reports on the incorporation of phosphate ions 
( H P O ~ ~ - )  in gypsum dihydrate and double s a ~ t s . ~ - ~ ) ~ h o s -  
phate ions slow down the crystal growth of gypsum 
dihydrate and thus greatly retard the condensation of cal- 
cined gypsum made from gypsum dihydrate.This is a major 
difficulty in the manufacture of gypsum phosphate as a 
byproduct in the phosphate fertilizer industry.On the other 
hands, there are no reports on the incorporation of phosphate 
ions in gypsum hemihydrate. 

We proved that the solubility of gypsum hemihydrate 
could be decreased to about 1/40 of that of gypsum 
dihydrate by investigating the synthesizing conditions and 
the properties of the synthesized products: acicular gypsum 
hemihydrate containing incorporation of phosphate ions 
produced in the presence of an NazHP04 solution in the 
CaClz-NazS04 reaction, fibrous gypsum hemihydrate con- 
taining incorporation of phosphate ions demethanolized and 
crystallized in the presence of an NazHP04 solution and 
gypsum organogel crystallized by adding methanol to a gyp- 
sum-saturated solution.This report describes our investiga- 
tion. 

2. Samples and Test Method 
1. Introduction 

2-1. Samples 
Gypsum, which is in wide use as a nonflammable light- The acicular and the fibrous gypsum hemihydrate 

weight architectural material, has such a relatively high samples, both with incorporation of phosphate ions, were 
solubility (0.202g ~ a ~ 0 4 / 1 0 0 c m ~  H20, 20°C) among the synthesized from a CaC12-NazS04-Na2HP04 solution and 
slow-dissolving salts that it is not suitable for applications from a CaS04-NazHP04-CH30H solution respectively.The 
involved with water. reagents used here were guaranteed grades, made by Kanto 
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Kagaku, at purity levels of sodium sulfate anhydride 99%. 
sodium hydrogen phosphate anhydride 99%, calcium 
chloride anhydride 95%, calcium sulfate dihydrate 98% and 
methanol 99.6%. To fixate and wash phosphate ion incor- 
porated gypsum hemihydrate, guaranteed reagents of 
methanol and acetone were used. 

2-2. Test Method 
For reactions of a CaClz-NazS04-Na2HP04 solution, a 

0.20mol/dm3~a2~04 solution was mixed with a 0.20m- 
o l / d m 3 ~ a 2 ~ p 0 4  solution in a certain ratio (NazHP04- 
/NazS04 mol ratio: 0.042 to 1.50) and 100cm3 of the 
product was held at 100°C in a 300cm3 three-neckflaskwith 
acirculation tube. 50cm3 of a 0.40mol/dm" CaC12 solution 
was added to this mixed solution.The product was cured for 
5 min and then fi1tered.A~ a result, acicular gypsum 
hemihydrate with incorporation of phosphate ions was ob- 
tained. 

In reactions of a CaS04-NazHPO4-CH30H solution, 
phosphate ions were incorporated in the fibrous gypsum 
hemihydrate as follows.150cm3 of methanol was added to 
100cm3 of a gypsumdihydrate solution (0.202g CaSO- 
4/100cm3 H20, 20°C) at 65°C to produce gypsum or- 
ganogel.30cm3 of a Na2HP04 solution conditioned from 
1x10-' to 3x10.' mol/dm3 was added to it and crystals were 
obtained by quickly sucking up and filtering the mixed solu- 
tion.For characterization, the gypsum hemihydrate samples 
prepared with phosphate ions incorporated by the two 
methods mentioned above were submitted to X-ray diffrac- 
tion, thermal analysis (TG-DTA), infrared absorption 
spectrum and chemical analysis as well as SEM observa- 
tion.To determine phosphate and sulfate ions in sediments 
ICP analysis and an ammonium molybdate method were 
used for phosphate ions and a weight method was employed 
for sulfate ions by precipitating barium sulfate out of a 
l/lON barium chloride solution. 

To investigate the hydration stability of gypsum hemih- 
ydrate and 11-gypsum anhydride with incorporation of phos- 
phate ions, the levels of their solution were obtained.0.25g 
of each sample was dipped in 50cm3 of pure water at 20°C 
for a certain period and, using a 93-20 calcium electrode 
made by Orion Research submerged in an Expandomatics 
SS-2 pH meter made by Toshiba-Beckmann, the level of 
ca2+ was obtained from the variation in calcium concentra- 
tion.'")~he amounts of phosphate and sulfate ions dissolved 
were determined by the same method. 

3. Results and Review 

3-1. Decrease of Solubility of Acicular Gypsum 
Hemihydrate by incorporating phosphate Ions 
(CaC12-NazS04-NazHPO4 System) 

In studies on solid solutions of the CaS042H20-CaH- 
P04.2H20 system, a coprecipitation method with a CaC12 
solution added to a mixed solution of Na2S04 and Na2HP04 
is generally u ~ e d . ~ ' ~ ) ~ r o m  the relation between the solubility 
and temperature of gypsum variants in pure water, it is also 
known that g sum hemihydrate is stable at temperatures 
above IW.C!'")Thus. the present test was conducted at 

100°C. within the range of gypsum hemihydrate production, 
by reactions in a CaClz-Na2SO4-Na2HP04 solution.In fact, 
it was proved that in the synthesis of this system, gypsum 
hemihydrate was produced favorably at 100°C. 

Figure 1 shows the relation between the initial reacting 
solution and H P O ~ ~ - / S O ~ ~ -  mol ratios in precipitates 
generated when phosphate ion containing acicular gypsum 
hemihydrate is produced by adding a CaC12 solution to a 
mixed solution of Na2S04 and NazHp04.A~ the ~ ~ 0 4 ' -  
mol ratio in the initial reacting solution is increased, the mol 
ratios in the precipitatesalsoriselinearly,butwhenthe ~ ~ 0 4 ~ -  

  SO^" mol ratio exceeds 1.0, they level off at around 
0.55.This suggests that when the H P O ~ ~ - / S O ~ ~ - ~ O I  ratios 
are lower than 0.55, both precipitates and solid solutions are 
occasionally mixed with calcium phosphate. 

Figure 2 shows the X-ray diffraction patterns of the 
precipitates obtained; (a) for a single phase of gypsum 
hemih drate, (b) through (d) for preci itates with different li E HP04 /SO?- mol rati0s.A~ the HP04 mol ratio increases, 
the diffraction peaks of gypsum hemihydrate become less 
intense and broader.With ~ ~ 0 4 ~ 7 ~ 0 4 ~ -  mol ratios above 
0.10, faint peaks of calcium hydrogen phosphate anhydride 
and dihydrate appear in addition to gypsum 
hemihydrate.Also, as the H P O ~ ~ ' / S O ~ ~ -  mol ratio increases, 
the peak of gypsum hemihy-drate shifts toward the low 
angle side.Refemng to the X-ray diffraction data, we 
studied variations in the lattice constants of gypsum 
hemihydrate with the H P O ~ ~ - / S O ~ ~ -  ratios of the 
precipitates up to 0.10. 

Figure 3 shows changes in the lattice constants a and c 
due to incorporation of phosphate ions into hexagonal gyp- 
sum hemihydrate.The lattice constants increase linearly in 
the precipitate H P O ~ ~ ~ / S O ~ ~ ~  mol ratio range below around 
0.07 and stay constant in higher H P O ~ ~ - / S O ~ ~ -  mol ratio 
ranges.This shows that the limit of solid solution under the 
present test conditions is 7 mol%.The ion radii of ~ ~ 0 4 ' -  

and SO?- are nearly the same: 2.36 and 2.30 respective- 

llPO, '-/SOI'- m i  ratio of init ial  solution 

Fig. 1. Amount of phosphate ion in acicular gypsum hemihydrate. 
Temperature: 100'C, Aging time: Spin. 
NazS04-Na2HP04 sobtion (HPO4 - 1 ~ 0 4 ~ -  mol ratio 0.045 
to 1.50): 0.200 molldm (A), CaC12 solution: 0.400 molldm 
(B), AIB volume ratio: 211. 



Yasue, T.  et al. Journal of the Ceramic Society of Japan, Int. Edition VoJ.98-497 

Fig. 2. X-ray diffraction pattern of acicular gypsum hemihydrate in- 
corporating phosphate ions. 
(a) Gypsum heyjhydraje, (b) 0.05, (c) 0.10, 
(d) 0.15 (HP04 IS04 mol ratio). 

HPO, 2-/S0rz' mol ratio of precipitate 

Fig. 3. Change in lattice constant of acicular gypsum hemihydrate 
incorporating phosphate ions. 

ly.This suggests that the incorporation of phosphate ions into 
gypsum hemihydrate is probably by a replacement; ~ ~ 0 4 ' -  
H S O ~ ~ . . ~ '  

In fact, from the infrared absorption spectra of solid 
solutions of the CaS04.2H20-CaHP04.2H20 system, it is 
known that incorporation of phosphate ions into gypsum 
dihydrate causes a new absorption to appear at around 
8 3 7 ~ m - ' . ~ ) ~ l s o  the infrared absorption spectra obtained 
with the solid solutions in this study showed absorptions due 
to inco oration by H P O ~ ~ - W S O ~ ~ -  replacement at around 7 ' .  837cm- wlth HPO~'-/SO~'- rnol ratios up to 0.07, which 
proved the existence of solid solutions. 

Figure 4 shows TG-DTA curve variations due to incor- 
poration of phosphate ions into gypsum hemihy-drate. (a) is 
for a single phase of ypsum hemihydrate, (b) is for a 4- precipitate (HPO~'-/SO~ rnol ratio 0.20) and (c) shows the 
relation between H P O ~ ~ - / S O ~ ~ -  rnol ratio variations due to 
incorporation of phosphate ions, maximum temperatures 
and weight decreases at endothermic peaks on the TG-DTA 
curves. (1) represents the maximum temperature of an en- 
dothermic peak due to dehydration in the change from gyp- 
sum hemihydrate to 111-gypsum anhydride.With gypsum 
hemihydrate alone, this temperature is about 160'C.A~ the 
solid solution of phosphate ions increases, the dehydration 
temperature rises nearly to a mol ratio of 0.07 and becomes 
constant at around 18OoC.At a rnol ratio of 0.20, for ex- 
ample, in the range above 0.07 shown by a dotted line, a 
new endothermic peak (3) appeared at 145°C due to the 
dehydration of calcium hydrogen phosphate dihydrate 
(CaHP04,2H20), which stayed constant irrespective of mol 

HP0, z~/SO.z~ mol ratio af precipitate 

Fig. 4. TG-DTA cuwe of acicular gypsum hemihydrate incorporat- 
ing phosphate ions. 
(a) Gypsum hemihydrate, (b) H P O ~ ~ - / S O ~ ~ -  mol ratio 0.20 
(mixture of solid solution and calcium phosphate), (c) Top 
temperature of endothermic peak and weight loss of TG- 
DTA curve. 

ratios. (4) represents a weight decrease due to dehydration 
of gypsum hemihy-drate into 111-gypsum anhydride.It is 
about 6.2%. almost in agreement with the theoretical value 
for gypsum hemihydrate.With rnol ratios above 0.07, in 
which calcium hydrogen phosphate dihydrate is produced in 
addition to solid solutions, the weight decrease at a rnol ratio 
of 0.20 increases further by about 1.5% as shown by 
(5).Thus, the endothermic peak (2) is due to the incorpora- 
tion dissolution of phosphate ions and this proves that gyp- 
sum hemihydrate with incorporation of phosphate ions shifts 
the dehydration temperature of the crystallization water u p  
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Fig. 5. Change in crystal shape of acicular gypsum hemihydrate 
incorporating phosphate ions. 
(a) Gypsum hemihydrate, (b) ~ ~ 0 4 ~ -  rnol ratio 0.07 (solid 
solution), (c) 0.15 (mixture of solidsolution and calcium 
phosphate). 

ward and thermally stabilizes.Also, the level of the solid 
solution in precipitates with H P O ~ ~ - / S O ~ ~ -  mol ratio of 0.20 
is 0.07.If it is above 0.07, there is a mixture with calcium 
phosphate. 

Figure 5 shows SEM graphs of acicular gypsum 
hemihydrate with incorporation of ph0sphate.h the single 
phase of gypsum hemihydrate (a), the products are acicular 
crystals about 140ym long and 4ym in diametetIn solid 
solution (b) at a H P O ~ ~ - / S O ~ ~ -  mol ratio of 0.07, there is no 
change in shape from the original samples, eithetAt 0.15 
(c), fine calcium phosphate is precipitated over the surfaces 

ilPOI z ~ l S 0 4 z  nai  ratio o f  p r e c i p i t a t e  

Fig. 6. Dissolution velocity of acicular gypsum hemihydrate incor- 
porating phosphate ions. 
Dipping time (min): 0 30, 60, A 180, 
Temperature: 20'C. 

of acicular crystals of gypsum hemihydrate.Therefore, the 
results of TG-DTA curve analysis and SEM observation 
proved that phosphate ions incorporated by nearly 7mol% 
in acicular gypsum hemihydrate. 

Figure 6 shows the relation between the level ( ~ ~ 0 4 ~ -  
/ ~ 0 4 ~ - m o l  ratio) of phosphate ions incorporated in acicular 
gypsum hemihydrate and the solubility in water.The 
solubility of gypsum hemihydrate in water is so much higher 
than that of gypsum dihydrate that the solution is over- 
saturated with gypsum dihydrate, causing gypsum dihydrate 
to be precipitated during dissolution.Thus, the ultimate 
result is the level of dissolution of gy sum dihydrate (0.202g 
~aS04/100crn~ H20. 1 . 5 2 ~ 1 0 - ~  C j +  mol/dm3, 2 w A s  
the solid solution of phosphate ions increases, the level of 
dissolution decreases.The level of dissolution of acicular 
gypsum hemihydrate with hosphate ions incorporated to a P- maximum at a H P O ~ ~ - / S O ~  rnol ratio of 0.07 is particular- 
ly low, about 1/20 of that of gypsum dihydrate after lh of 
immersion.However, it is constant with rnol ratios about 
0.07.The levels of ~ 0 4 ~ -  and ~ ~ 0 4 ~ - i o n s  in the eluate after 
immersion of the solid solutions with H P O ~ ~ - / S O ~ ~ -  rnol 
ratios below 0.07 were obtained and the results showed that 
these ions were dissolved at the same H P O ~ ~ - / S O ~ ~ -  ratio 
before dissolution. 

3-2. Decrease of Solubility of Fibrous Gvasum -. 
Hemihy-drate by incorporating Phosphate Ions 
(CaS04-NazHPO4-CH30H system) 

Using the basic knowledne about the incomoration of 
phosphate ions in acicular gypsum hemihydrate produced in 
reactions of a CaClz-NazS04-NazHP04 solution. we tried 
to incorporate phosphate ions during the synthesis of fibrous 
gypsum hemihydrate by reactions of a CaS04-CH30H solu- 
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Fig. 7. Change in lattice constant of fibrous gypsum hemihydrate 
incorporating phosphate ions. 

tion.') 
Adding methanol to a solution saturated with gypsum 

dihydrate causes gypsum organogel to be produced.We ob- 
tained fibrous gypsum hemihydrate with incorporation of 
phosphate ions by adding an Na2HP04 solution to the gyp- 
sum organogel mentioned above and sucking up and filter- 
ing methanol quickly.It could also be done by adding 
methanol after mixing the gypsum dihydrate saturated solu- 
tion with an Na7HP04 solution with this method, the reac- 
tions started already during mixing, producing calcium 
phosphate precipitates, and so fibrous gypsum hemihydrate 
could not be synthesized. 

Figure 7 shows changes in the lattice constants of 
fibrous gypsum hemihydrate due to incorporation of phos- 
phate ions.As the H P O ~ ~ - / S O ~ ~ -  mol ratio in the precipitates 
increases to 0.15, lattice constants a and c of gypsum 
hemihydrate rise linearly, and in higher mol ratio ranges 
they stay constant.While the maximum level of phosphate 
ions incorporated in the acicular gypsum hemihydrate 
produced in reactions of a CaCIz-NazS04-NazHP- 
04solutionisO.Olinte1msof H P O ~ ~ - / S O ~ ~ -  mol ratio, that 
with the fibrous gypsum hemihydrate produce in reactions 
of a CaS04-NazHP04-CH30H solution is about double: 
0.15. 

The difference in the level of incorporation ofphosphate 
ions between acicular and fibrous gy sum hemihydrate can x .  be ascribed to the stability of HP04 m the reacting solu- 
tions.While ~ ~ 0 4 ' -  ions are stable in the pH range from 9.0 
to 9.5, ions are stable in the acid side beyond this 
range.'3)Thus, gypsum hemihydrate must be precipitated in 
the pH range of stable ~ ~ 0 4 ' -  ions.In reactions of a CaS04- 
NazHP04-CH3OH solution, a pH range of 9.0 to 9.5 can be 
attained by adding a NazHP04 solution to the gypsum or- 
ganogel.It is assumed that as methanol is removed from this 
gel, gypsum nuclei grow explosively and the H P O ~ ~ S O ~ "  
replacement is promoted, causing fibrous gypsum hemih- 
ydrate incorporated phosphate ions to be produced. 

Under the test conditions for reactions of the CaC12- 
NazS04-Na2HP04 mentioned earlier, the pH level of the 
mixed NazS04-NazHP04 solution is about 8, at which it is 
assumed that ~ ~ 0 4 "  and HzP04- ions coexist, causing the 

Fig. 8. Change in crystal shape of fibrous gypsum hemihydrate 
incorporating phosphate ions. 
(a) Gypsy heTydrate, 
(b) HP04 -/SO4 mol ratio 0.15 (solid solution). 

limit of solid solution to decrease.In fact, the limit of solid 
solution could be raised to 15 mol% by f is t  conditioning 
the pH8 of the Na2S04-NazHP04 mixed solution to the pH 
range 9.0 to 9.5 and then adding a CaC12 solution to the 
mixed solution above.When an NaHzP04 solution was used 
instead of the Na2HP04 solution, no production of solid 
solutions was confirmed with any system.Thus it was 
proved again that the upper limit of solid solution of phos- 
phate ions in gypsum hemihydrate was about 15mol% with 
any system and that solid solution was by H P O ~ ~ - ~ ~ S O ~ ~ -  
replacement. 

Figure 8 shows a change in the fiber shape of gypsum 
hemihydrate with phosphate ions incorporated.(a) shows 
fibers of gypsum hemihydrate in the single-phase, 50pm 
long, 0.5pm in diameter and about 100 in aspect ratio. (b) 
shows the fibers of phos hate ion incorporated fibrous gyp- !- sum hemihydrate (HP04 / ~ 0 4 ~ - m o l  ratio 0.15), 35pm long, 
0.25pm in diameter and about 140 in aspect ratio, generally 
thinner than the fibers in (a).Both products here can be made 
into sheets with entangled fibers of gypsum hemihydrate. 

Figure 9 shows variations in the level of dissolution of 
fibrous gypsum hemihydrate with phosphate ions incor- 
p0rated.A~ the level of solid solution of phosphate ions 
rises, the level of ca2+ dissolution in submerged state 
decreases and becomes constant at around the maximum 
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Fig. 9. Dissolution velocity of fibrous gypsum hemihy-drate incor- 
porating phosphate ions. 
Dipping time: 0 1  h. .Id, A 7d, A 30d, 
Temperature: 2O'C. 

level of solid solution, or an H P O ~ ~ ' / S O ~ ~ -  mol ratio of 0.15, 
at which the level of dissolution after Ih of submergence is 
0 . 4 ~ 1 0 - ~  ca2' mol/dm3, about 1/40 of that of g psum X dihydrate.After 30 days, the level was about 7 x 10- ca2+ 
mol/dm3, about 112 of that of gypsum dihydrate.Also, from 
the results of X-ray diffraction and TG-DTA curve analyses 
of immersed samples after 30 days, it was proved that the 
fibrous gypsum hemihydrate still contained incorporated 
phosphate ions and remained completely fibrous (Fig. 10). 

3-3. Decrease of Solubility of Fibrous 11-Gypsum 
Anhydride by Incorporating Phosphate Ions 

It is known that II-gypsum anhydride has stable rhombic 
lattices with a high symmetricity and a high ion char- 
geability, that it is chemical1 very stable and particularly 
slow to dissolve in water.".15Le have alnady reported that 
the solubility of fibrous gypsum hemihydrate in water can 
be decreased b heating this gypsum into fibrous 11-gypsum 
hemihydrate.' 'While fibrous gypsum hemihydrate without 
phosphate ions is broken down when heated to 1000°C. 
11-gypsum anhydride obtained by heating to 800°C remains 
fibrous.')However, when fibrous gypsum hemihydrate, 
heavy with incorporation of phosphate ions, is heated, the 
11-gypsum anhydride produced cannot remain fibrous.This 
is because at a high content of incorporated phosphate ions, 
the solid solution is decomposed by dehydration and con- 
densation of ~ ~ 0 4 ~ -  at around 500" to 550"c.16'1f the con- 
tent of incorporated phosphate ions is below 8 mol%, the 
dehydration and condensation of ~ ~ 0 4 "  is controlled, even 
when fibrous gypsum hemihydrate with incorporation of 
phosphate ions is heated to 500°C. and this allows gypsum 
to remain fibrous.Also, it was found from lattice constant 
variations that the limit of solid solution of phosphate ions 
in rhombic 11-gypsum anhydride was about 8 mol%. 

Fig. 10. Change in crystal shape of fibrous gypsum hemihydrate 
incorporating phosphate ions after dipping in water for 30 
days. 
~ ~ 0 4 ~ 5 5 0 4 ~ -  mol ratio: 0.15 (solid solution), 
Temperature: 20%. 

Time (.in) 

Fig. 11. Dissolution velocity of fibrous Il-gypsum anhydride incor- 
porating phosphate ions during dipp~ng in water. 
Temperature: 20°C 
0 : Fibrous Il-gypsum anhydride prepared by heating 
fibrous gypsum hemihydrate at 800°Cfor 2h. 

: Fibrous Il-gypsum$nhydr$e prepared by heating fibrous 
solid solution (HP04 -1504 - mol ratio 0.08)at 500°C for 
2h. 

Figure 11 shows variations in the level of dissolution of 
fibrousII-gypsumanhydride containing incorporation of 
phosphate ions. After Ih of submergence of this g sum, P .  the level of ca2+dissolution is 0 . 3 ~ 1 0 . ~  ~ a ~ + m o l / d m  ,which 
is 1/25 of the 7 . 5 x 1 0 - ~ ~ a ~ +  mol /dm3 found with nonfibrous 
11-gypsum anhydride. 

As described above, the solid solution of phosphate ions 
in acicular and fibrous gypsum hemihydrate was by the 
H P O ~ ~ - ~ ~ S O ~ ~ -  replacement because of nearly equal ion 
radii of ~ ~ 0 4 ' -  and ~ 0 4 ~ -  and the limit of solid solution 
was about 15mol%.Also, it was proved that the solid solu- 
tion of phosphate ions contributed to a decrease in solubility, 
while raising the stability, of gypsum hemihydrate.The 
solubility of fibrous gypsum hemihydrate with phosphate 
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ions incorporated to 15mol% in particular, after lh or im- 
mersion, is about 1/40 of that of gypsum dihydrate.Further- 
more, if the same gypsum is turned into fibrous II-gypsum 
anhydride with incorporated phosphate ions by heating, the 
solubility of this modified gypsum is about 1/50 of that of 
gypsum dihydrate.Thus, the rather high solubility of gypsum 
in water, conventionally the greatest limitation on the use of 
gypsum, could be reduced by incorporating phosphate ions, 
making the gypsum stable.The fibrous gypsum produced 
here could be widely applied as a nonorganic filler intended 
to increase strength, heat insulation and fire-resistance and 
to reduce the weight of composite materials.In particular, it 
can be manufactured as a sluny and is expected to find 
application as a nonorganic filler for paper. 
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The present study deals with the relationship between 
the microstructures and the fatigue failure mechanisms 
in five different kinds of sintered silicon nitride ceramics. 
Static fatigue test and cyclic fatigue test were conducted 
with a stress ratio (R) condition of 0.1 using flex 
specimens at room temperature, as  a means to determine 
the effects of microstructures on crack propagation. 
Also, the accelerative effects upon the propagation 
velocity of fatigue cracking in cyclic loading conditions 
were discussed quantitatively using the estimation 
method applied to-the empirical equation for subcritical 
crack growth. 
The results indicated that the accelerative effects on 
propagation velocity under cyclic fatigue conditions were 
observable in samples in which the matrix was composed 
of microcrystalline grains of the sintered silicon nitride 
ceramics, but not in those with a matrix composed of 
amorphous materials. Thus, under cyclic loading, the 
fatigue crack propagation was found to be governed by 
the microstructure of the sample, in particular by the 
matrix filling the gaps between the coarse gains. 
[Received December 14, 1989; Accepted January 25,19901 

Key-words: Sintered silicon nitride, Cyclic fatigue, Static 
fatigue, Microstructure, Crack propagation 

1. Introduction 

Ceramic materials are brittle, and improvements in 
strength and fracture toughness sometimes cause reduced 
fatigue-related characteristics. Silicon nitride ceramics are 
no exception. Some mechanical properties, such as critical 
stress intensity factor KIC and strength, of sintered silicon 
nitride have been markedly improved recently, but fatigue- 
related properties under cyclic stresses1-') have not been 
improved as much as other properties. The authors have 
demonstrated that acceleration effects under cyclic stress 
conditions and the cyclic characteristics of sintered silicon 
nitride are correlated with the microstructure, based on the 
results of cyclic fatigue tests conducted at a higher frequen- 
cy (100 to 500Hz) than those employed in previous studies 
(1 to IOHZ) .~- '~)  The g-function, proposed by Evans et 
al.,13) was used to draw the master curves, in order to com- 
pare the results under cyclic stress conditions with those 
under static stress conditions. 

In this study, the authors conducted cyclic fatigue tests, 
in which 5 sintered silicon nitride samples with different 
microstructures were subjected to cyclic load stresses, to 

investigate the effects of the microstructures on the fatigue 
properties of the samples. As a result, it was found that 
some materials, although having high Kic, had poor fatigue 
properties, and were affected by the acceleration effects 
under cyclic stresses at a working-stresslstrength ratio as 
low as about 0.6, and other materials, though lacking high 
K l c ,  had the desired fatigue properties. These results are 
considered useful for the design of ceramic structures and 
examination of structures for specific purposes. 

2. Experimental Procedure and Analytical 
Methods 

2-1. Experimental Procedure 
Five types of sintered silicon nitride samples were used 

in this study; each was pressurelessly sintered in the 
presence of a different sintering aid. Table 1 summarizes 
these samples. The AIISi intensity ratios were determined 
by X-ray fluorescence analysis, and were named A, B, C 
and D in ascending order of the intensity ratio. Sample E 
was Sample B thermally treated at 1573K for 20h in a N2 
gas atmosphere, to slightly change the constituent phases of 
the latter sample. The critical stress intensity factor was 
determined by the IF method.I4' Each sinter was cut into 
3*4*40mm samples (as specified by JIS R1601). and each 
sample was mirror-polished (0.8s) on the face to be sub- 
jected to the tensile stress, and chamfered (C0.2 to 0.3). 

The test apparatus was provided with a piezoelectric 
bimorph to generate cyclic loads, details of which are 
described elsewhere.") The static and cyclic fatigue tests 
were conducted. The conditions of the cyclic tests were as 
follows. Frequency, 250 and 550Hz, load stress amplitude 
ratio (R, ratio of maximum loading stress Omax to minimum 

Table 1,Properties and behaviors of sintered silicon nitride ceramics 
used in this experiments. 
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Fig. 1. M~crostructures of each sample by backscanered electron images 

loading stress Gmin), 0.1 and 0.7 (pulsating cyclic fatigue 
conditions), room temperature and 50% RH or less. Each 
cyclic fatigue run lasted for 10' sec, and the samples which 
were not fractured during the test period were analyzed to 
determine their bending shengths. 

The fracture surfaces were analyzed by a scanning 
electron microscope (SEM), for which 3mm square pieces 
were cut from the fracture surface. The portion to he 
clamped by the holder was ground and washed in acetone 
with ultrasonic agitation. A s c a ~ i n g  electron microscope 
equipped with an energy dispersion type X-ray analyzer 
(EDAX: PV9800, Philips) was used to observe the 
microstructures. The constituent phases were identified by 

X-ray diffractomehy. 

2-2. Analysis of Fatigue Test Results 
The fatigue test results were analyzed by the method 

briefly described below.Details are given elsewhere?) The 
following omax-twg<' relationship is derived from the em- 
pirical equation V=AKI" for SCG, represented by crack 
propagation speed (V) and stress intensity factor (KI), by 
estimating the initial crack length in each fatigue test 
specimen from the bending strength distribution at stress 
loading rate o: 
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Table 2.Detected materials by XRD and values of relative intensity 
of diffraction peaks for silicon of fluorescent X-ray diffraction 
method. 

where, subscript i stands for i-th data arbitrarily selected 
from the fatigue test data (total data number: N), Sfi is 
estimated bending strength, and tfi is fatigue life. g(' is the 
term with respect to load stress waveform, given by: 

where, h is the time span of one wavelength, and Bi is 
defined by Bi = [(n+~)o/om,i}l'(~+'), but regarded as a 
constant for equation (1). because n > 1. Equation (1) in- 
dicates that the term teg<' represents the effective life under 
a given cyclic stress. Plotting omaxi/Sfi against tfi.gcl on 
log-log paper will give fatigue parameter n from the slope 
of the estimated straight line, thus enabling the correlation 
of fatigue behavior with the static fatigue characteristics 
(master curve) in which the effects of load stress waveform 
are considered. 

Bending strength was estimated by assuming that im- 
mediate fracture strength is represented b the 2-parameter 
Weibull distribution. and the omant&' value for each 
fatigue fracture data set was calculated as an ordered statis- 
tical quantity, from which bending strength was estimated 
using the cumulative fracture probability Pi for each order. 
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3-1. Microstructures and Compositions 
Figure 1 shows the back-scattered electron images of the 

microstruch~res of the sintered silicon nitride samples, and 
Fig.2 the X-ray fluorescence results. The phases detected 
by X-ray diffractometry are also presented in Table 2. The 
microstmcture of each sample consisted of columnar P- 
Si3N4 grains (0.5 to lpm along the minor axis and several 
pm along the major axis) and the white matrix phase. No 
heavy elements, such as Y, were detected in the P-Si3N4 
grains by the EDAX analysis, from which it was considered 
that materials other than P-Si3N4, detected by X-ray diffrac- 
tometry, were the matrix phase components. A1 was 
detected in each microsbucture section, and was considered 
to be dissolved in the system. 

No A1 was added to Sample A, and the Al found was an 
impurity. No Ce or Zr was detected by X-ray diffrac- 
tometry, though they were detected by X-ray fluorescence 

. . . - - - - -. - - 

nl/s ,  ~ 1 s )  m/sl ws, zr/sl ri /s ,  s / s l  +ISI pelsl 

0.001 - -- 0.015 0.018 0.0011 O.Wl - 

0.041 0.031 0.018 - --- -- - - 
- 

0.065 0.038 ----- - O O O B  -- 

0.1111 0.016 -- ----- - ----- - O.Wi 

0.039 0 0 4 6  0.014 -- - - 

analysis, indicating that the matrix phase was amorphous. 
The matrix phase of Sample B was considered to consist of 
microc~ystals, because Si3N4.(Dy,Y)203 and 
Si3N&lO@y,Y)203.9Si02 were detected. The X-ray dif- 
fraction peaks were broad, suggesting that the matrix con- 
tained some residual amorphous phase.It was also observed 
that it extended more widely in the ceramic system than 
those of the other samples. Sample C had well densified 
structures of P-Si3N4 grains, and the matrix containing 
Si3N4.Y203 was completely microcrystalline. Sample D 
had a larger quantity of A1 and Y than any other sample 
prepared in this study. However, no matrix phase was iden- 
tified, indicating that it was amorphous. The matrix ex- 
tended throughout the ceramic system, and some P-Si3N4 
grains were large and columnar. Hayashi et al. suggested 
that sintered Si3N4-Y203-A1203 has an amorphous matrix, 
when A1203 content is high,'') and the results observed in 
this study are in agreement. Sample E was Sample B which 
was thermally treated to change the matrix phase composi- 
tion and microcrystalline structures greatly. Si3N4.(Dy,Y)- 
SiOzN was detected in the matrix, though 
Si3N4.10(Dy,Y)203.9Si02 found in Sample B was not 
detected.Oda et al. reported that a glass system of Y203- 
A1203-Si3N4 has a glass transition temperature of around 
~owc.") The matrix was completely microcrystalline, 
judging from the temperature at which it was treated. 

3-2. Fatigue Test Results 
Figure 2 plots the maximum loading stress Omax against 

Fig. 2. Real data of relations between maximum loading stress and 
fatigue life as the parameter of stress ratio (R). 
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Fig. 3. Analytical expression of the data of cyclic fatigue properties 
expressed in Figs.2 by use of empirical equation (1). 

Table 3.Parameter n by cyclic and static fatigue tests for sintered 
silicon nitride ceramics. 

fatigue life tf, a time span extending from the initiation of 
loading to failure of the sample, on a log-log graph, to show 
the relationship between applied stress and fatigue life. Fig- 
ure 3 shows the relationship between CmaJSf and trg-' for 
each sample, where the fatigue test results were analyzed by 
the method discussed previously using equation (I)?) The 
abscissa represents effective life trg-' in which stress load- 
ing waveform and loading stress amplitude were considered, 
and the ordinate represents the ratio of maximum loading 
stress Omax to strength Sf estimated by the Weibull distribu- 
tion?) Each straight line in Fig.3 was determined by the 
least squares method. 

The results of the fatigue test at a low loading stress 
amplitude (R=0.7), which was conducted for confirmation, 
gave a straight line very close to the estimated line for the 
static fatigue data or slightly deviating to a longer life time, 
indicating that the cyclic fatigue behavior was similar to the 
static fatigue behavior at a small loading stress amplitude. 

At a high loading stress amplitude of R=0.1, however, 
each sample had clearly distinguishable specific fatigue be- 
havior. The ~ m a x / ~ f t r ~ - '  relationships of samples B and 
C, which had a high strength close to IGPa, deviated con- 
siderably from the static fatigue lines to shorter life times, 
irrespective of the frequency of cyclic stress to which they 
were exposed, indicating that their strength decreased faster 
under cyclic fatigue conditions. On the other hand, no sig- 
nificant acceleration of strength decrease was observed 
under cyclic conditions with samples A, D and E, which had 
bending strengths in the range from 500 to 800MPa. Table 
3 shows the fatigue parameter n values, determined by sub- 
stituting the fatigue data into equation (1) and analyzing by 
the least squares method, for each loading stress ratio. The 
n values, widely ranging from 30 to 100, tended to decrease 
as the strength of the sintered sample increased. Then value 
was insensitive to loading stress conditions, whether they 
were static or cyclic, for all the samples except sample B, 
where the value under cyclic stresses ranged from 112 to 213 
that under static stress. Kobayashi et al. reported that then 
value under a static stress is at least twice that under cyclic 
stresses for those ceramic materials which are fatigued faster 
under cyclic stresses.18) A similar trend was observed with 
sample B, which exhibited the acceleration effect. 

Figure 4 shows an SEM photograph of a typical fracture 

Saaple 

(A) 

(B) 

(C) 

(D)  

( E )  

Static 

(R.1.0) 

105 

54.7 

49.2 

87.1 

36.1 

Cyclic 
(R.O.7) 

82.6 

38.7 

65.6 

84.2 

52.8 

Cyclic (Rz0.1) 

(f=550Hz) (f=250Hz) 

80.5 

29.2 

45.7 

112 

43.2 

65.0 

23.3 

83.9 

49.9 

43.9 
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face of a sample fractured under cyclic shess. The fracture 
origin, indicated by the arrow, was either a vacant pore, 
impurity or coarse grain on or near the surface exposed to 
tensile Stress. The region of the fatigue-induced crack 
propagation was observed in a sample exposed to a relative- 
ly low stress, and tended to disappear as stress was in- 
creased. Figure 5 shows a high-magnification SEM 
photograph of the fatigue-induced crack propagation 
regions, and Fig.6 the region of the immediate fracture. The 
crack propagated mainly through the grain boundaries, but 
there were some grains in which cracks propagated to cause 
inhagranular fracture, as indicated by the arrows shown in 
Fig.5. The inhagranular fracture was observed more fre- 
quently in the immediate fractured region, due to the more . - 

Fig. 4. Example of SEM fractograph for sintered silicon nitride. rapid fracture occumng in the system, as indicated by the 
arrows shown in Fig.6. 

Fig. 5. Microscopic SEM fractographs at subcritical crack growth 
surface. 
(a) sample (A); k0.1, omax=749MPa, tf=4602sec 
(b) sample (6); R=0.1, amax=849MPa, tf=43508sec 
(c) sample (C); k0.1,  amax=BOOMPa, tf=17861sec 
(d) sample (D); R=0.1, amax=534MPa, tf=30sec 
(e) sample (E); k0.1, amax=822MPa, tf=71223sec 
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Fig. 6. Example of microscopic SEM fractograph at fractured sur- 
face instantaneously. 

4. Discussion 

The microstructures consisted of the P-Si3N4 grains and 
the white-colored matrix, with great variations in the matrix 
microcrystalline size, depending on the type and quantity of 
sintering aid used. The P-Si3N4 grains, on the other hand, 
were entwined with each other to form complex structures 
in a similar manner in all the sintered samples prepared in 
this study. It is therefore considered that the fatigue be- 
havior of each sample was determined mainly by the white- 
colored matrix phase. 

For example, samples B and C, with microcrystalline 
matrix phases, were both fatigued faster under cyclic stress 
at R=0.1, although in different ways. As shown in Fig.Z(b), 
the cyclic fatigue data of sample B generally had a steeper 
slope than the static fatigue data, but coincided as the cyclic 
stress increased. In addition, no significant effects of cyclic 
stress amplitude were observed. The microcrystals and the 
amorphous phase were mixed in the microstructure in an 
extended area within the matrix phase. The fracture mainly 
occurred in the grain boundaries, as shown in Fig.S(b), al- 
though partly observed within the grains. The intragranular 
fracture occurred more frequently in the sintered silicon 
nitride samples with amorphous matrix phases, as discussed 
later. It is therefore considered that, in sintered silicon 
nitride systems with matrix phases consisting of microcrys- 
tals and an amorphous phase, cracks propagate to cause 
intragranular fracture of grains around the amorphous phase 
and deflection through the grain boundaries in the vicinity 
of the microcrystalline grains. 

Sample C, on the other hand, was fractured in such a way 
as to cause the C T ~ , J S ~ ~ ~ . ~ - '  relationship to move parallel 
to the static fatigue line towards shorter lifetimes. It was 
also observed that decreasing the frequency shifted the 
relationship to the longer lifetimes. Mai et al. and 
Kawakubo et al. investigated crack bridgings behind the 
crack tips for sintered A1203 and Si3N4, respectively.19'3' 
The authors believe that the fatigue results obtained in this 
study are also represented by the R-curve behavior, for 
reasons now under examination. Microcrystals, although 
present, accounted for only a limited area of the matrix. ,The 
P-Si3N4 grains had a minor axis of 0.5 to lkm and a major 
axis of 3 to 4pm. The fracture occurred mainly in the grain 

boundaries, and little intragranular fracture was observed, 
suggesting that fatigue-induced cracks would propagate 
deflecting through the grain boundaries. 

The accelerated fatigue might be caused by residual 
stresses resulting from the difference in thermal intensity 
factor or anisotropy formed in the matrix when it was 
microcrystallized during the sintering process, or by the 
microflows formed at the triple points in the grain boun- 
daries, or at the interfaces between the P-Si3N4 grains and 
the matrix, as a result of the volumetric shrinkage. 
Kobayashi et al. discussed the possibility of the formation 
of a local stress field in the system exposed to an external 
force, formed by the difference in modulus of elasticity 
between the grains and the matrix phase or anisotropv in the * - 
mahix phase, and different to the'field of applied stress.18) 
A similar phenomenon might occur in the samples prepared 
in this study; the formation of local stress fields in the inter- 
faces between the grains and matrix, in addition to the field 
of the applied stress, would accelerate the fatigue. 

Okada et al. reported that microflows are connected to 
each other to accelerate the growth of cracks in sintered 
alumina.20) This may be applicable to sintered silicon 
nitride where the matrix phase is microcrystalline. Figure 7 
shows a proposed model for the accelerated fatigue. The 
crack moving from the fracture origin is temporarily stopped 
by a barrier, such as the triple point in the grain boundary 
of P-Si3N4 (Fig.l(a)). At the same time, the microflows are 
activated at the fronts by the local stress fields formed in 
the vicinity of the interfaces, growing mainly in a form like 
single-swing doors, but are also stopped by the triple points 
(Fig.7(b)). Both crack and microflows are reactivated while 
their fronts are repeatedly opened and closed under cyclic 
stresses.The microflows start to propagate in a mixed mode, 
and are connected selectively to each other at the fronts, 
extending their lengths (Fig.7(c)). Okada et al. considered 
that cracks are connected to each other in a line.20' 
Microflows in the sintered silicon nitride samples prepared 
in this study, however, might run in zigzags, to form more 
irregularities on the fracture faces, with the result that the 
KI value at the crack fronts would be made larger by the 
indent effects2') produced by the projections on the fracture 
faces. This might cause the cracks to grow faster under 
cyclic stress than under static stress, to accelerate the 
fatigue. 

In samples A and D, with amorphous matrix phases, no 
accelerated fatigue or effect of frequency or loading stress 
amplitude was observed under cyclic stress, as shown in 
Fig.3. The strength of these samples was less degraded than 
the others. It was also observed, as shown in Fig.5, that the 

Fig. 7. Patterns of fatigue fracture of the samples in which gaps of 
coarse grains are filled by microcrystals. 
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c r a c k  

Fig. 8. A pattern of fatigue fracture of the samples in which matrix Fig. 9. A pattern of fatigue fracture of the sample (E), which sample 
between the coarse grains comp (6) was heat treated. 

Table 4.Comparative table of the state of fatigue properties with microstructures for each sample. 
(a) Microst~cture., (b) Fatigue properties., (bl) Micro fatigue properties., (b-2) Macro fatigue properties. 

(a) Microstructures. 

Structure. I 0-SijN4 and matrix 

Detected material 
of matrix. 

(BY XRD*) I None 

.- 
None 

Fracture origin. I Pores, etc. 

................. 

(BY FXAD*') 

Crystal structure 
of matrix 

Region of matrix 

Residual stress 
a t  matrix I 

They were generated I + I O n e  I They were gmerated 
a t  sintering. by decreased mt r ix  

volume for heat 
treauent. 

(b) Fatigue Properties. 
(b-1) Micro fatigue properties. 

................... 

Mg, Si, Sr, Zr, Ce 

korphous 

Middle 

I t  was generated I t  was generated a t  
a t  sintering. sintering and heat 

Effects of I hrge I Little I None 
amorphous 

A l ,  Si, Y ,  DY 

Microcrystal 
(and amorphous) 

Large 

Crack propagation Intergranular lntergranular Intergranular lntergranular 
within Sffi. and Transgranular (Transgranular) I and Transgranular 

..................~ 

Al, Si. Ti, Y 

Microcrystal 

Small 

None 

Schsaatic i l luslr  
ation for fatigue 
crack grnrth pa t l ~  

lntergranular 
(Transgranular) 

...-..-.......-.-- 

Al, Si, Fe. Y 

Amorphous 
(and aicrocrystal) 

Large 

Fig. 9. 

.--..-----------... 

Al, Si, Y, Dy 

Microcrysatal 

Middle 

(b-2) Macro fatigue properties. 

Fig. 8. 

Lit t le  

Figs. 7. 

Accelearated eff- 
ect under cyclic 
fatigue condition 

Lit t le  

*: X-ray diffraction lethal. **: Fluorescmt X-ray diffraction aethod. 

Figs. 7. 

Fatigue parameter 
n valie. 

Fig. 8. 

Cyclic lower than 
stat ic  fatigue. 
K=0.1: 80.5 
R.1.0: 105 

Cyclic much lower 
than s ta t i c  fatigue 
R.0.1: 29.2 
R.1.0: 54.7 

Cyclic as high as 
s t a t i c  fatigue. 
R.0.1: 45.7 
R.1.0: 49.2 

Cyclic higher than 
s ta t i c  fatigue. 
R.0.1: 112 
R.1.0: 87.1 

Cyclic higher than 
stat ic  fatigue. 
R.0.1: 112 
R.1.0: 87.1 
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Fig. 10. Mutual relationships between relative intensity of (AI+Y)/Si 
and fatigue properties, mean bending strength, and critical 
intensity factor. 

intragranular fracture occurred in a number of grains. These 
results suggested that the cracks ran straighter in sintered 
silicon nitride when ++e matrix was amorphous than when 
it was crystalline. 

With respect to the fatigue behavior of these com- 
positions, the cracks generally run faster in the crystalline 
or amorphous phase than in the microcrystalline phase. It 
is also considered that whether the cracks run straight or 
zigzag depends greatly on the wettability between the crys- 
tals and the matrix phase. In these samples, irrespective of 
their microstructures, cracks will propagate relatively easily 
throughout the crystals, running straight, when they collide 
against the crystals. The barriers that prevent propagation 
of the cracks, therefore, exist only in the interfaces between 
the crystals and the matrix phase in these samples. The 
increased KI at the crack fronts, resulting from the indent 
effects, is rarely observed, because the cracks are likely to 
run straight. This may account for the absence of ac- 
celerated fatigue in these samples under cyclic stress. This 
concept is illustrated in Fig.8. 

Sample E was thermally treated and also showed no ac- 
celerated fatigue under cyclic stress (Fig.3), and in- 
tragranular fractures occurred in many grains (Fig.5). The 
matrix phase was microcrystalline, like those of samples B 
and C. It was anticipated that the thermal treatment would 
produce residual stresses throughout the microstructures and 
a number of microflows in the matrix phase, as a result of 
the associated volumetric shrinkage. 

In sample E, the cracks might propagate from the fracture 
origins along the grain boundaries, but their opening-closing 
movements would be less active than in sample B, due to 
the residual stresses present throughout the microstructures. 
The indent effects would be smaller in this sample than in 
sample B, where the cracks were deflected to a larger extent 
to produce more projections on the fracture faces. The K1 
level would increase little at the crack fronts, and hence the 
acceleration effects would be liale observed under cyclic 

stress of larger amplitude.This concept is illustrated in 
Fig.9.The residual stresses formed throughout the 
microstructures would activate the local stress fields, 
decreasing strength, Kr, and the fatigue parameter n, to 
lower levels than those of sample B. 

Table 4 summarizes the above results. Kawakubo et al. 
reported that cyclic stresses reactivate the cracks stopped at 
the triple points in the grain b ~ u n d a r i e s . ~ ~ ' ~ ~ ~ ) ~ i m i l a r  results 
were obtained in this study. Furthermore, it was suggested 
that the propagation behavior of the fatigue cracks was lar- 
gely determined by the matrix phase conditions. 

Lastly, the effects of the matrix phase components on 
fatigue, strength and critical stress intensity factor are dis- 
cussed. Figure 10 plots the fatigue parameter n, strength S 
and critical stress intensity factor Krc against relative inten- 
sity (Al+Y)/Si, shown in Table 2. Samples B and C, with 
microcrystalline matrix phases, and high strengths and criti- 
cal stress intensity factors, but low fatigue parameters. On 
the other hand, samples A and D with amorphous matrix 
phases showed the opposite trends to samples B and C. This 
means that increasing strength and critical stress intensity 
factor are incompatible with improved fatigue properties. It 
is therefore necessary to take the critical stress intensity 
factor, strength and fatigue properties of these materials into 
consideration, when looking for applications for these 
materials. 

5. Conclusions 

Five different types of pressureless sintered silicon 
nitride samples were prepared, to investigate the rela- 
tionship between their fatigue characteristics and the 
microstructures. 

(1) It is suggested that the behavior of the cracks 
propagating through the fatigued samples is largely deter- 
mined by the microstructures, in pa~ticular by the matrix 
conditions. 

(2) The sintered silicon nitride sample with a micro- 
crystalline matrix phase, was fatigued faster under the cyclic 
stresses, presumably because the fronts of the cracks and the 
microflows present in the matrix phase are activated under 
these stresses, to create the indent effects that increase KI 
levels at the crack fronts and act to connect them selectively. 

(3) The sample with amorphous matrix phase, on the 
other hand, is less affected by cyclic stress, because the 
cracks tend to propagate straighter, creating few indent ef- 
fects that increase KI levels. 

(4) The thermally heated sample has lower K c  and S 
levels than the other samples, because of the presence of 
residual stresses or microflows throughout the micro- 
structures. Its fatigue, however, is little accelerated, due to 
the absence of the increased indent effects on the fracture 
faces. 

(5) Increasing strength and toughness of the silicon 
nitride sinters is contrary to improved fatigue charac- 
teristics. It is therefore necessary to design microstructures 
taking into consideration the fatigue characteristics as well 
as strength and toughness. 

(Presented to the annual meeting of the Ceramic Society 
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Preparation of TiB2-TiN Double Layer Coated Iron 
Powder by Rotary Powder Bed CVD 

Hideaki Itoh, Kenji Hattori, Makoto Oya and Shigeharu Naka 

Synthetic Crystal Research Laboratory, Faculty of Engineering. Nagoya University 

Fum-cho, Chikusa-ku, Nagoya-sh1 464-01, Japan 

A composite iron powder coated with TiB2 and TIN 
double layers was prepared by continuous rotary powder 
bed chemical vapor deposition in the reactant systems of 
TiCl4-BzH6-Hz and TiCI4-N2-Hz. TiN was coated on to 
spherical iron powder with a particle diameter of 70- 
120pm under the following deposition conditions; tem- 
perature: 100O0C, reaction time: 0-120 min, flow rate: 
T i c 4  3ml/min, N2 200ml/min, Hz 300ml/min, Ar 20ml/ 
min, and the rotation speed of specimen cell: 90 rpm. 
Crystalline or  amorphous TiB2 was subsequently coated 
on to TiN coated iron powder under the conditions: 
temperature: 600-85O0C, reaction time: 60-240min, flow 
rate ratio of B2H6 to TiCb, R=0.16, H2 300ml/min, Ar 
140-300ml/min. The composite iron powder covered 
with uniform and adherent double layers of TiB2 and 
TIN was oxidation-resistant up to 700°C in air. 
[Received December 20, 1989; Accepted January 25, 19901 

Key-words: Titanium diboride, Titanium nitride, Rotary 
powder bed chemical vapor deposition, Composite powder, 
Double layer coating 

1. Introduction 

port in the manifold on the gas feed side. Spherical car- 
bonyl iron powder (150-200 mesh) was used as starting 
powder. The rotary specimen cell, charged with 2g of the 
sample powder, was rotated at a rate of 90rpm to degas the 
sample in a vacuum under conditions of 300"C, and 1xl0-' 
torr for 20 minutes. Subsequently, during heating to CVD 
temperature, a TiC14-N2-H2 or TiC14-BzH6-Hz mixed gas 
was adsorbed on the surfaces of the iron particles. The 
CVD treatment temperatures and times with TiN and TiB2 
respectively were 100O0C, 0 to 12Chnin and 550' to 1000"C, 
60 to 240min. It is assumed that CVD reactions take place 
as follows: 

Tic14 + 1/2N2 + 2H2 +TiN + 4HC1 . . . . . . . (I) 

After the treatment, the sample was cooled at a rate of 
8O"C/min in an argon flow. The sample was then submitted 
to X-ray diffraction analysis for identification of the formed 
phases, SEM observation on surfaces and cross sections and 
analysis with an X-ray microanalyzer (EDX). Also, the 
sample was subjected to a corrosion test in an HCl solution 
and an oxidation resistance test by thermogravimetric 
analysis (TGA) in air. 

This is a study on preparing powders coated with other 
materials. Using a rotary powder bed CVD system we 
showed that graphite, titanium and iron powders could be 
coated with titanium nitride (T~N).' ,~) In the CVD of TiN 
on spherical carbonyl iron particles using a reactant TiC14- '' " lo 9 

Nz-Hz gas, the dispersion of the iron powder was improved 
and uniform TiN coating was obtained by surface adsorption 
of the reactant CVD gas when heating the iron 
To acquire basic knowledge about preparing multi layer 
coated powders by the same technique, we aimed to prepare 
an iron powder with a double layer coating of titanium 
boride fJiB2) and titanium nitride (TiN). We investigated 
the possibility of preparing double layer coated powders by 
performing CVD of TiC14-Nz-Hz and TiC14-BzH6-Hz sys- 
tems in succession and we observed the coated TiB2-TiN-Fe 
powder and identified the phases produced. 

2. Experimental Method Fig. 1. Schematic diagram of equipment for rotary powder bed 
CVD. 
1. rotary specimen cell, 2. infrared radiation furnace, 

Figure 1 shows the structure of the rotary powder bed 3. thermocouple, 4. temperature controller, 5. seal, 
6. motor drive, 7. manifold, 8. Tic14 evaporator, 9. He, 

CVD system. It is basically the same as was shown in the 10. N2, 11. B2H6 + Ar, 12. Ar, 13. diffusion pump, 
previous BzH6+Ar gas was fed in through the 14. liquid nitrogen trap, 15. rotary pump. 



Vol.98-512 Journal of the Ceramic Society of Japan, Int. Edition Itoh, H.  et al. 

. 2. X-ray diffraction pattern of the iron powder treated in the 
TiCl~-B2Hfi-H2 reactant stream. . - -  - 
(a) Deposition conditions; temperature: 800'C, reaction 
time: 80 min, flow rate: nC14 3mllmin. B2H6 3.2mllmin, H z  
300mllmin. 
(b) diffraction lines in JCPDS cards; QFe, A FepB. 

3. Results and Discussion 

3-1. Conditions for Preparing TiB2-TiN Double Layer 
Coated Powder 

Iron particles start to coagulate and condense at around 
600°C during heating. To obtain a highly dispersible pow- 
der, heated with either gas mixture, T ~ c I ~ - N ~ - H ~ ~ )  or TiCl4- 
B2H6-H2, it was necessary to feed the reactant gas for 
adsorption on the particle surfaces starting at a relatively 
low temperature (300°C) with heating at a rather low rate 
(150"C/min) with the powder rotating. Using the TiC14- 
BzH6-Hz reacting gas, we tried to coat iron particles with 
TiB2. After adsorption with the reacting gas, CVD coating 
was carried out under the following conditions. Treatment 
temperature, 800" to 900°C; treatment time, 80min; gas flow 
rates: Tic14 1.5 to 3ml/min, BzH6 0.8 to 3.2ml/min, H2 300 
to 500ml/min and Ar 140 to 300ml/min. Figure 2 shows a 
typical powder X-ray diffraction pattern of the heated pow- 
der. In all results Fe and Fe2B were identified but the ex- 
istence of TiBz could not be proved. On the surface of 
particles of the powder treated at 900°C for 120 min with 
gas flow rates of Tic14 3ml/ min, B2H6 3.2mVmin and H2 
300ml/min, deposits looking like islands were observed as 
shown by the reflection electron image in Fig3a and 
titanium was slightly detected in the TiKa image (see 
Fig.3b) of a particle surface taken by the EDX. TiKa line 
analysis of particle cross sections did not detect any titanium 
inside particles. On the other hand, with an iron plate charg- 
ed in the sample cell, CVD was done under the same con- 
ditions as in Fig.3. The sample thus heated showed the 
existence of TiB2 in addition to a trace of Fe2B. These 
results suggest that in the CVD of the T ~ C I ~ - B ~ H ~ - H Z  sys- 
tem on iron powder, the surface area of iron particles is so 
large, making the adsorption of the reacting gas on each 
particle so small, that Fe2B is formed by the reactions be- 
tween Ti-B deposits on iron particles and ions, causing only 
titanium to remain on the surfaces. Thus, it was proved that 
in the present CVD system, iron reacted with titanium so 
actively as to produce iron boride, which prevented iron 

Fig. 3. EDX surface analysis of the same specimen as in Fig.2. (a) 
reflection electron image, (b) Ti Ka image. 

particles from being directly coated with TiB2. 
In a previous report, we proved that iron particles can be 

coated with TiN by a reacting gas T ~ c I ~ - N ~ - H z . ~ )  Now, 
using a TiC14-B2Hs-H2 gas, we hied to coat TiN-clad iron 
particles with TiB2.The conditions for preliminary TiN coat- 
ing were a treatment temperature of 1000"C, a treatment 
time of 60 min and the gas flow rates were constant: Tic14 
3, NZ 200, Hz 300 and Ar 20ml/min. TiN coating was 
followed by titanium boride CVD under conditions of heat- 
ment temperature 550" to 1000"C, treatment time 120min 
and gas flow rates of Tic14 3.0 to 5.0, B2H6 0.4 to 3.2, Hz 
300 to 500 and Ar 140 to 300ml/min. Figure 4 shows the 
phases produced under various coating conditions. The 
horizontal and vertical axes represent titanium boride CVD 
temperature and BzH6-Tic14 mol ratio R=[B2H6]/[TiCL] 
respectively and the plots of the phases produced are dis- 
criminated by symbols. At high temperatures, since TiCL 
is stabler than B2H6, less Tic14 than B2Hs is used for T i 2  
deposition. Thus, with R=1.0, which corresponds to the 
stoichiometrical composition of TiB2, boron is excess in 
causing titanium boride (TiB2) to be produced in the range 
of R. Around R=0.6, or with the B2H6 relatively high, 
although TiBz deposited, boron also co-deposited by the 
decomposition of BzH6, making the particle surfaces black. 
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O '  6b0 rho abo sAo 10'0; 

TiB2  COATING TEMPERATURE (OC) 

Fig. 4. Influence of the reactant gas mole ratio R=[62H6]/[TiC14] 
and Ti62 coating temperature on the product phases. 
OTiB2, A Ti62 + a-6, A TiB2 or none, 
O (Ti62 + a-B) or none, ' none. 

Fig. 5. X-ray diffraction patterns of the treated powder. 
TIN precoating: 1 OOO'C, 60 min; 
TiBn mating: (a) 650°C, (b) 700°C, (c) 800°C, 120 min. 
W62, A TiN,  mFe. 

At temperatures of 600" to 700"C, boron deposited so heavi- 
ly among particles that the powder bed became massive, 
preventing powder rotation. At high treatment temperatures 
(900" to 1000°C). boron was produced from the decomposi- 
tion of BzH6 in the upper stream of the reaction tube but 
there was no deposition of titanium boride on the powder. 
As the flow rate ratio decreased, the deposition of decom- 
posed boron also decreased and silver colored powder 
coated with titanium boride was observed. With conditions 
of RS.16 and treatment temperamre 600" to 850°C. the 
surfaces of the treated powders were consistently silver 
colored. At a low flow rate ratio R=0.08, there was no TiB2 
production but the surface of the powder was golden yellow, 

characteristic of titanium nitride. 
Figure 5 shows the X-ray powder diffraction pattems of 

the samples obtained under conditions of R=0.16 and a 
treatment time of 12Chnin. At treatment temperatures of 
650" and 700°C (Fig.5, a and b), the samples were silver 
colored as mentioned earlier but only the diffraction lines 
of iron in the starting powder and TiN of the preliminary 
coating are shown. At 800"C, a broad but weak diffraction 
line of Ti92 is observed. EDX analysis of the cross-sections 
of double layer coated particles detected the coexistence of 
Ti and B in the outer shell and that of Ti and N in the inner 
shell. This suggests that amorphous TiBz is produced on 
the TiN coated surfaces in the low-temperature range of 
600' to 700°C and slightly crystalline TiBz is produced at a 
high temperature of 800°C. Such temperature dependency 
of the crystallinity of vapor growth titanium boride has also 
been observed in the CVD of T ~ C I ~ - B Z H ~ ~ )  and TiC14-BC13- 
~ 2 ~ ~ ~ )  systems and there is a report on the amorphous struc- 
ture of T~B*.') 

The above results show that double layer coated TiB2-- 
TiN-Fe powder can be prepared by canying out CVD of 
TiC14-Nz-Hz and TiC14-BzH6-Hz systems successively on 
iron powder. 

3-2. Properties of Double Layer TiBz-TiN Coated Iron 
Powder 

Double layer coated TiBz-TiN-Fe iron powders were ob- 
tained by TiN coating for 60 min under the same deposition 
conditions as in Fig.4 and subsequently by TiB2 coating for 
120 min at 700°C. Figure 6, (a) and (b) are SEM 
photographs of the surface appearance. The sample ob- 
tained with RS.64 (Fig.6a) shows a rough surface due to 
the codeposition of boron. The sample treated with R=O. 16 
(BzH6: 0.8 and TiCl4: 5.0ml/min) (Fig.6b) shows a smooth 
surface with a uniform coating. Neither cracks in double 
layer coated surfaces nor any separation of the coating from 
the iron particles were observed. The titanium boride sur- 
face reflected the pattems of the TiN undercoatings. 

A double layer coated powder obtained by TiB2 coating 
for 60 min at 700°C with R=0.16 after TiN coating for 120 
min was embedded in epoxy resin and cross sections of 
particles were polished. Then, the polished sample was 
etched in a IN-HC1 solution at 100°C for 10 min to make 
the TiB2-TiN boundaries clear. Figure 7a is the SEM 
photograph of a cross-section of the sample. Fig.7h is a 
magnified photograph of a double layer coated part in 
Fig.7a. It is evident that an outer shell consisting of a 
double TiBz-TiN coating remains when the iron is corroded 
away by the acid treatment. Also, the double layer coating 
covers an iron particle uniformly and the two layers are 
adhesive closely together. From Fig.7b. the growth rates of 
the TiBz and TiN coatings are about 0.5 and lpm/h respec- 
tively. It was proved that when the TiN coating time was 
reduced to 5 to 20 min (TiN coating thicknesses equivalent 
to 0.08 to 0.32pm), FezB was not formed but the diffusion 
of boron into the iron particles was obstructed, permitting 
the thickness of the double layer coating to be controlled. 

Figure 8 shows the results of oxidation resistance tests 
by TGA in air using (a) a single-coated powder sample 
without preliminary TiN coating (FezB-Fe powder in Fig.2) 
and (b) a double layer coated powder sample (TiBz-TiN-Fe 
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Fia. 6. SEM IIhotoara~hS of the treated  articles - 
TiN piecoaini  100O0C, 60 min; ' 

Ti82 mating: 700°C, 120 min, Fig. 7. SEM photographs of the cross sections after the acid treat- 
(a) R=0.64, (b) k0.16. ment in 1 N-NCI aqueous solution at 100°C for 10 min; 

(a) TiBpmNIFe particle, 
(b) double layer of TiB2mN. 

powder). While the FezB-Fe powder in (a) is rapidly 
oxidized in temperature ranges above 450"C, the double 

15 - layer coated powder in (b) has oxidation resistance im- 
proved by about 200 to 250°C in terms of temperature. 

W Also, while the oxidation starting temperature of the TiN-Fe 
V) 

powder is about 650°C, that of the double layer coated TiB2- 
TiN-Fe powder is about 700°C showing some contribution 
of the double layer coating to improving oxidation resis- 

H tance. 

4. Conclusions 

Using rotary powder bed CVD of TiC14-BzH6-Hz and 
TiCld-N2-H2 systems in succession, we prepared iron pow- 
der samples with a double layer coating composed of 

TEMPERATURE (OC) 
titanium boride and titanium nitride. The following con- 
clusions are obtained. 

Fig. 8. Oxidation resistance test of the treated powder in air. 1)Boron diffuses so easily into iron particles, producing 
(a) FepBIFe powder, (b) TiBpmNIFe powder. FezB, that it is difficult to coat iron particles directly with 
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titanium boride. 
2)TiN-coated powder can be coated uniformly with ad- 

hesive amorphous and crystalline TiBz at treating tempera- 
tures of 600 to 850°C with R=0.16. 

3)A double layer coated TiB2-TiN-Fe powder can be 
prepared by varying the flows of the starting gases and 
treatment temperature. 

4)The adherence between the two layers of the double 
coating of the TiB3-TiN-Fe powder is high. The oxidation 
starting temperature in air was about 700°C. 
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Effect of Glaze on Bending Strength of High Strength 
Whiteware Bodies 

Yuichi Kobayashi, Osamu Ohira, Yasuo Ohashi and Etsuro Kato* 
Toki Municipal Institute of Ceramics 1556-2. Dachi-cho. Toki, Gifu 509-54, Japan 

*Aichi Institute of Technology Yakusa-cho. Toyota. Aichi 470-03. Japan 

The effect of glaze on the bending strength of high 
strength whiteware bodies containing 30% alumina was 
investigated.The significant increase of the bending str- 
ength by the applied glaze is due to the reduced size of 
fracture origin at the surface of body. Compressive 
stress in the glaze is necessary to avoid fracture initiation 
within glaze. Coarse quartz grains in the glaze act as 
the fracture origin and reduce the bending strength. 
Raw materials for glaze must be milled well not to create 
fracture origins in the glaze. By glazing, bending 
strength could be raised by about 1.4 times of that of 
unglazed bodies; bending strength of unglazed and 
glazed test bars were 24.0kg/mm2 and 33.5kg/mm2 
respectively. 
[Received December 25, 1989, Accepted February 13, 
19901 

that quite high bending strengths can be obtained by prepar- 
ing suitable glaze.233' 

In contrast, there are few reports on the glazed bending 
strength of alumina-containing high-strength whiteware 
bodies and to our knowledge, the hi hest glazed bending 
strength ever reported is I15kg/mm!4i W.D. Kingery et 
a ~ . ~ '  explained that stresses in glaze, compressive stresses in 
particular, due to thermal expansion differences between the 
body and glaze made a considerable contribution to in- 
creased strength but did not give any further discussion with 
actual data. 

Through tests with various compositions and grain sizes 
of glaze, we discovered that the glazed bending strength 
could be increased to 1.3 to 1.4 times the unglazed bending 
strength, a glazed bending strength of 33.5kg/mm2 bein 4 achieved with a unglazed bending strength of 24kg/mm . 
We report our results here. 

Key-words: Whiteware bodies, Glaze, Stress in glaze, 
Alumina addition, Elastic modulus, Bending strength 2. Experimental Method 

1. Introduction 

Previously we re orted that high-strength whiteware 3 .  bodies with 24kglmm or h~gher bending strength could be 
manufactured with Weibull modulus of 20 or above by using 
a material with 30% alumina.') The glazed bending 
strength is important in products. With conventional por- 
celains, products of a silica-feldspar-clay system, there are 
many reports on the glazed bending strength and it is known 

2-1. Preparation of Samples 
(1) Body 

The raw materials were the same as used in the previous 
report." Alumina 30%, feldspar 30% and kaolin plus clay 
40% were wet ball milled for a certain period in an alumina 
pot with a capacity of 5.01. Three wet ball milling times, 8, 
18 and 24h, were used. The material milled for 8h was 
passed through a 350 mesh sieve and then dehydrated and 
cast into test bars 10 x 5 x 80mm, the same size as in the 
previous report. The bending strength of these test bars, 

Table 1.Chemical composition of raw materials for glaze. 

O h i r a  O h i r a  Fukusima W o l l a s t o n i t e  C a l c i n e d  N.Z .China  / f e l d s p a r  f e l d s p a r  q u a r t z  t a l c  c l a y  
I s s 1 5 0  2-60 

SiO2 
A1105 
Fe2 0;  

T i02  

CaO 

ngo 
K 2  0  

Nan0 
I g .  l o s s  

T o t a l  
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Table 2.Composition of glaze expressed in Seger equation. 

X K N a O  
Y HgO } 0. 600111203 5. 6OOSiO2 
Z CaO G l a z e  

0.45 0.40 0.35 0.30 0.25 B o d y  
0.30 0.30 0.30 0.30 0.30 
0.25 0.30 0.35 0.40 0.45 3 O O ! r m  - 

fired at 1350°C for lh without glazing, were 17.0, 21.9 and 
24.0kg/mm2 respectively. They were named K17, K22 and 
K24, respectively. 

Before glazing, all test bars were fired at 700°C for 
30min in an electric furnace. 
(2) Glaze 

Five glaze compositions, G1 to G5, were prepared using 
the raw materials shown in Table 1. They are represented 
by the Seger equation in Table 2. 2.5kg of raw materials 
were wet ball milled for a specified time in a 5.01 alumina 
pot and then passed through a 250 mesh sieve. Before 
glazing, the moisture contents of the glaze slip were ad- 
justed to about 34 to 38 Baume degrees. 

To measure the bending strengths of the fired test bars, 
the sample surfaces other than the top surface to be sub- 
jected to tensile stress were coated with water repellant. 
Then the samples were dipped in glaze slip for 2 to 3s and 
the surfaces except the top wiped with a water sponge to 
remove the glaze. The glaze thickness on the tensile surface 
of each fired sample was about 120 to 200pm. 
(3) Firing 

An electric furnace designed for atmosphere control was 
used. The temperature was raised at a rate of 400(/h from 
room temperature to 1000°C. Then it was held for 30min 
while the furnace gas was discharged with a vacuum pump. 
Then, a reducing atmosphere was obtained by feeding 
nitrogen, carbon monoxide and carbon dioxide gases in at 
rates of 4.0, 0.5 and O.Sl/min respectively. Above 1000°C 
the temperature was raised at a rate of 200"Ch. At 1350"C, 
it was held for lh and then the furnace was left to cool down. 

If bubbles are present in the glaze, the elastic modulus 
cannot be measured accurately. Therefore, for the samples 
to be used for measuring the glaze modulus of elasticity 
only, the fumace was exhausted with a vacuum pump at 
1100°C and then heated. Subsequently at 1350°C the fur- 
nace was charged again with a reducing atmosphere and the 
samples fired. 

2-2. Measurement of Properties 
(1) Thermal expansion 

A thermal expansion test equipment TMA made by 
Rigaku Denki was used. The samples for measuring the 
thermal expansion of the body were prepared by firing test 
bars under the same conditions as for the bending strength 
test bars and then cutting out cylinders about 5mm in dia. 
and 20mm long with a diamond cutter and polishing. 

The samples for measuring the thermal expansion of 

-T- 
G l a z e  

1 
B o d y  

Fig. 1. Photograph showing linear feature at fracture surface in 
glaze. 
(A)Fracture origin in body. 
(B)Fracture origin in glaze. 

glaze were prepared by compacting dried glaze into blocks 
of about lOOg and fired and melted under the same condi- 
tions for the bending strength test bars. Then cylinders 
5mm in dia. and 20mm long were cut out with a diamond 
cutter and polished. 
(2) Modulus of elasticity 

Modulus of elasticity was measured by using an electro- 
nic universal tester made by Yonekura Seisakusho together 
with jigs for accurately measuring the displacement of the 
center of each test bars with a differential transformer. The 
test samples were about 8mm wide and about 1.4mm thick 
and supported by a roller-to-roller span of 30mm in accord- 
ance with JIS R-1602. The crosshead speed was 
O.OSmm/min. 
(3) Bending strengths 

The bending strengths of fired test bars were measured 
by usin ~ b b e r  plates, a method employed in our previous 
report.' The samples were positioned so that tension acted 
on the glazed surface. The mean bending strength was ob- 
tained from about 16 measurements. 
(4) Fracture surface observations 

To study glazed bending strengths, it is necessary to 
know whether the fractures originate in the glaze or body. 
Thus, after measurement of the bending strengths, the frac- 
ture surface were observed under a reflection microscope to 
detect the fracture origins. 

If a fracture passed through bubbles in the glaze in a 
bending strength test, linear features were observed in the 
microscope at the tips of bubbles as shown in Fig.1. Such 
features surround the fracture radiantly. So, the origin of a 
fracture can be roughly located by tracing successive fea- 
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G-1 G-2  G - 3  G - 4  G-5  
Glaze 

Fig. 3. Effect of glaze composition on thermal expansion coeffi- 
cient. 

1 0  I 
G-1 G - 2  G - 3  G-4 G - 5  Table 3.Effect of glaze composition on location of fracture origin 

(glaze: body). 
G l a z e  

Fig. 2. Effect of glaze composition on bending strength. 

G l a z e  

Fig. 4. Effect of glaze composition on internal stress in glaze. 

tures at bubbles. 
(5) Stress in glaze 

Samples for measuring stress in glaze were cut out of the 
samples used for strength measurement with a diamond cut- 
ter. The cut surfaces were polished successively with #500, 
#lo00 and #2000 abrasives and the glaze stresses measured 
by Inada's method6) using a polarizing microscope. 

3. Results 

3-1. Effect of Glaze Composition 
3 types of unfired bodies, K17, K22, K24, were coated 

with glazes G1 to G5, fired and the bending strengths were 
measured. The results are shown in Fig.2. Figure 3 shows 
the measured coefficients of thermal expansion of the glazes 
and the bodies. In the glaze compositions, the content of 
feldspar decreased from G1 to G5 and the coefficients of 
glaze thermal expansion followed the same trend.The bend- 

Glaze 

15: 0 16: 0 13: 0 14: 0 16: 0 

ing strengths of the samples showed the reverse trend; they 
increased as the content of feldspar and the coefficient of 
thermal expansion decreased. Glaze stresses in K17 and 
K24 were measured and the results are shown in Fig.4. 
Here, the thicknesses of the glazes were about 110 to 
200pm. As expected from the coefficients of thermal ex- 
pansion, the compressive stresses in the glazes increased as 
the content of feldspar decreased. Also, it is evident that as 
the compressive stresses in the glazes increased, the bending 
strengths increased. Again, as glaze stresses rose, the bend- 
ing strengths also rose. However, the difference between 
the two glazed bending strengths is smaller than the dif- 
ference between the two unglazed bending strengths. For 
example, the difference was 7.0kg/mm2 between K17 and 
K24. Furthermore, with K17, as the glaze stresses in- 
creased, the glazed bending strength rose by about 1.4 times 
to 23.8kg/mm2 but this was the limit. With K22 and K24, 
on the other hand, the maximum was about 25.7kg/mm2, 
showing no considerable improvement. To investigate these 
phenomena further, the fracture faces of all the samples 
from bending strength testing were observed with a reflec- 
tion microscope to identify fracture origins. The 
discrimination of fracture origins between glaze and body 
is shown in Table 3. With K17, the unglazed bending 
strengths were relatively low and the ratio of fracture origins 
in the body high. In K22 and K24 with high unglazed 
bending strengths, the fracture origins were mostly in the 
glaze. This may be because the glazed bending strengths of 
K22 and K24 were not very high in Fig.2. In other words, 
fractures start in the glaze before fractures start in the body. 
Thus, if compressive stresses in the glaze are higher or if 
fracture origins in the glaze are smaller, the glaze bending 
strengths will be larger, causing fractures to start in the body. 
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Fig. 5. Effect of glaze thickness on bending strength. 
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Fig. 7. Effect of glaze milling time on internal stress in glaze and 
thermal expansion coefficient of glaze. 

3-2. ,Effect of Glaze Thickness 
To investigate the effect of glaze thickness on the bend- 

ing strength, samples K17 and K22 were coated with glaze 
of several thicknesses from 70pm to 220pm varying the 
concentration of G-4 glaze and the dipping time in the glaze 
slip. 

The results of measuring bending strengths are shown in 
Fig.5. With either sample, there was little variation in 
strength with variations in glaze thickness. However, if the 
graph is extrapolated to glaze thickness zero, the bending 
strengths are 23kg/mm2 with K17 and 25kg/mm2 with K22, 
which do not agree with the bending strengths of the body 
onlv. This mav be because the surfaces of the bodv and 
glaze differed. Some surface roughness features depending 
on the size of erains or fine cracks which mav act as fracture - 
origins are distributed on the body surface. On the other 
hand, the glazed surface is covered with a uniform vitreous 
layer with cracks not open outwards and thus the bending 
strength is higher. 

3-3. Effect of Glaze Milling Time 
With K17, the fracture origins were in the body and the 

glazed bending strengths were higher by up to about 1.4 
times. With K22 and K24, on the other hand, fractures often 
started in the glaze. This may be because there were some 
fracture origins in the glaze, causing the glaze strength to 

Fig. 6. Relationship between particle size distribution of glaze and 
milling time. 

6 

15 Glaze : G-4 

12 24 36 48 60 72 
Milling t ~ m e (  h r  

Fig. 8. Effect of glaze milling time on bending strength. 

decrease. 
Thus, samples with several G-4 glaze milling times were 

prepared and the effect of these times on the glazed bending 
strengths and stresses in glaze examined. The glaze 
materials milled for 12h and over 24h were passed through 
250 mesh and 350 mesh sieves, respectively. Figure 6 
shows the relationship between the glaze milling time and 
grain size, Fig3 shows the relationship between glaze mill- 
ing times and coefficients of thermal expansion, and stress 
in glaze. Figure 8 shows the relationship between glaze 
milling time and glazed bending strength and Table 4 shows 
the discrimination of fracture origins in the body or glaze. 

With a milling time of 12h, it was observed under the 
microscope that the glaze grains were still coarse with un- 
melted quartz remaining. The stress in the glaze was as low 
as 4.0kg/mm2. The coefficients of thermal expansion 
showed little variation. With all bodies, the bending 
strengths were about 19kg/mm and all fracture origins were 
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Table 4.Effect of glaze milling time on location of fracture origin 
(glaze: body). 

Milling time of glaze(hr) 

K17 16: 0 1:12 0:15 0:16 0:18 
K22 16: 0 7: 4 16: 0 7: 5 9 :  9 

16: 0 14: 0 13: 2 11: 4 

in the glaze. This may be because the quartz remaining in 
the glaze formed the fracture origins. 

With the glaze milled for over 24h, few unmelted grains 
were observed microscopically. The compressive stresses 
in the glaze were constant at 6.0kg/mm2. With K17 and 
K24, fracture origins in the body were also observed. With 
a milling time of over 36h, the fracture origins of K17 were 
all in the base. The glazed bending strength for K17, how- 
ever, did not exceed 24kg/mm2, about 1.4 times the bending 
strength without glaze. 

With K22, the glazed bending strength rose and reached 
a peak of 29.5kg/mm2 with no further rise in the first 48h 
of milling time. This value of 29.5kg/mm2 is about 1.34 
times the bending strength without glaze. 

With milling times over 24h, the stress in the glaze was 
constant at about 6.0kdmm2. Increases in strength here can 

30kg/mm2 of the K22 body coated with glaze G-4 milled 
for 48h (Fig.8). 

Suppose that the test bar 84mm wide and 4.2mm thick 
was fractured in a 3-point bending test with load P: 98.8kg 
and span L: 30mm. Maximum stress OB caused in the body 
here is given by the equation for bending strength as 

In other words, a tensile stress of 30.0kg/mm2 is gene- 
rated directly below the load. With the elastic modulus of 
body written as EB, distortion EB in the region in which the 
maximum tensile stress is acting is given by 

Table 5 shows the results of measurement of the modulus 
of elasticity of bodies and glazes. The glaze thickness is 
only about 150pm. only about 3.5% of the entire test bars. 
Assuming that the modulus of elasticity of the sample is EB 
of the body, we have - 

thus be ascribed to the absence of quartz fracture origins. . . . . . .  With K24. the strength in the first 48h of ~ulverizine time EB = OB/EB = (3011.3 X lo4) = 0.0023. (4) 

rose, reaching a peait of 33.5kg/mm2, which is about 1.38 
times the bending strength of the body without glaze. The modulus of elasticity EGL of the glaze is about 

Thus, it was proved that if the glaze was milled very 0.78x10~k~/rnm~, which is much lower than that of the 

finely, fracture sources in it were reduced, allowing the body.The stress generated when distortion EGL(=EB) =O- 

glazed bending strength to increase. ,0023 is caused in the glaze is given by 

4. Discussion 

The results obtained show that if the grain size and the 
coefficient of thermal expansion of the glaze material are 
suitably controlled, with high-strength whiteware body con- 
taining 30% alumina, a glazed bending strength of about 1.4 
times the unglazed bending strength can be obtained. This 
increase in strength may be due to the following two 
reasons. 

First, as described earlier for the effect of glaze thickness, 
without glaze there is some surface roughness, depending 

OGL=EGL x EGL 
=0.78 x 104x 0.0023 

= 1 7.9kg/mm2 . . . . . . .  (5) 

This implies that a tensile stress of 17.9kg/mm2 is caused 
at fracture. In practice, there is already a compressive stress 
of about 6kg/mm2 in the glaze. If this is deducted, the test 
bar fractures under a tensile stress of about 12(=17.9- 
6.0)kg/mm2 acting in the glaze. 

This value can be considered as the fracture stress in the 
glaze itself rather than the 24.0kg/mm2 resulting from the 
bending strength 30kg/mm2 minus the compressive stress in 
glaze of 6.0kg/mm2. This value is closer to the ordinary 

on the grain size of the raw material, or fine cracks as 
possible fracture origins.Glazing makes such cracks closed 

Table 5.Modulus of elasticity of glaze and unglazed body. 
inside, not open outward, causing their effect on fractures 
to decrease.Secondly, compressive stresses in glaze may 
contribute to the bending strength, which will be studied in 
more detail. 

Glazed bending strength can be raised to over 30kg/mm2 
by using carefully controlled glazing. If the compressive 
stress in glaze of 6.0kg/mm2 is deducted, the value above 
is 24.0kg/mm2. Compared with the fracture strength of 
glass, as a strength for glaze this seems too high. A further 
study is made here using actual examples with such factors 
as stresses in glaze taken into account. 

First, we consider the measured bending strength Number i n  ( ) : m i l l i n g  t i m e ( h r )  

Spec imens  

Body K17 
K 2 2 

Glaze  G - 4 ( 1 2 )  
G - 4 ( 2 4 )  
G-4(72)  
C-l(2.1)  

E l a s t i c  modulus 
(104kg/mm2)  

1 . 2 9  
1 . 2 8  

0 .80  
0 . 7 8  
0 . 7 8  
0 . 7 4  
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strength of glass. 
Consider another case. A K22 body is coated with glaze 

G-2 milled for 12h and the glazed bending strength 
measured as 17.0kg/mm2. From equation (3). the distortion 
of the body is given by 

With this distortion, stress OGL in the glaze is given by 
equation (5) 

The compressive stress in the glaze being 4.0kg/mm2, the 
strength of the glaze is about 6(=1@4)kg/mm2. This value 
is considered reasonable because there is some unmelted 
quartz remaining in the glaze. Here, if the difference in the 
modulus of elasticity is not taken into account, the fracture 
strength of the glaze is 17.0 -4.0=13.0kg/mm2, which can 
hardly be considered the actual strength. Therefore, be- 
cause the modulus of elasticity of the body is larger than 
that of the glaze, the measured bending strength is overes- 
timated. 

With all bodies K17, K22 and K24, the glazed bending 
strengths were limited to 24, 30 and 33.5kg/mm2 respec- 
tively, all about 1.4 times the unglazed bending strength. 
No bending strength can be greater than 1.4 times because 
with a longer glaze milling time, there will be no fracture 
sources left in the glaze. Therefore fractures do not start in 
the glaze but in the body. Thus, the strengths of high- 
strength whiteware bodies can be raised to 1.4 times by 
glazing but this is the limit and even if the strength of the 
glaze is increased or the compressive stresses in the glaze 
are increased, fractures start in the body, so glazed bending 
strengths cannot be increased further. 

5. Conclusions 

'ety of Japan, Int. Edition Vol.98-521 

glaze milling conditions, etc., on the glazed bending 
strength of 30% alumina-containing high-strength 
whiteware bodies were investigated. The position of the 
fracture origin, in the body or glaze, was carefully assessed 
in the samples. As a result, we discovered that increases in 
bending strengths caused by glazing were due to the size of 
the fracture origins in the surface of the body being reduced 
by glazing. Thus, it was proved that to raise glazed bend- 
ing strengths, stresses must be applied to prevent fractures 
from starting in the glaze and the glaze must previously be 
crushed well to eliminate fracture origins. 

1)If coarse quartz grains remain in the glaze, they will 
become fracture sources, causing the strength to decrease. 

2)If a suitable glaze composition has been selected, com- 
pressive stresses will act in the glaze and if the glaze has 
been milled finely, fractures will start not in the glaze but 
in the body. Under such conditions, the glazed bending 
strengths can be raised to 1.4 times the bending strengths of 
body. If the bending strength of a body is 24kg/mm2, a 
maximum bending strength of 33.5kg/mm2 can be obtained 
from the glazed body. 

3)With a glaze thickness of about 150pm, the glaze stress 
must be above 6.0kg/mm2. 

4)The fact that higher glazed bending strengths can be 
obtained is explained by the modulus of elasticity of the 
body being about 1.7 times higher than that of the glaze and 
size reduction of cracks in the body by glazing. 
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Oxygen Diffusion in BaTi03-PTC 

Toshiki Saburi, Makoto Hori, Mitsuru Asano, Hajime Haneda*, Junzo Tanaka* and 
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Nippondenso Co.. Ltd. 1-1 Showa-cho, Kariya. Aichi 448. Japan 
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A relation between PTC (Positive Temperature Coeffi- 
cient) characteristics and oxygen diffusion coefficients in 
BaTi03-FTC thermistors was studied. As a result, PTC 
behavior was not obtained unless the annealing tempera- 
ture exceeded 900°C. Both coefficients of oxygen volume 
diffusion with and without PTC behavior were equal to 
each other and of 2 ~ 1 0 ~ ' ~ c m ~ / s  at 850°C. But, the coef- 
ficient of oxygen boundary diffusion with PTC behavior 
was much larger than that without PTC behavior. 
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1. Introduction 

The characteristics of BaTi03-PTC thermistors with 
added rare earth elements or Nb ions change remarkably 
with annealing temperature and atmospheric conditions. If 
a thermistor showing PTC characteristics is annealed at 
about 1000°C in a reducing atmosphere, the change in resis- 
tance at the Curie point decreases with annealing time, and 
finally PTC characteristics become uninvestigatable. By 
contrast, if a thermistor without PTC behavior is annealed 
in an oxy en atmosphere, it again shows PTC charac- 
teristics. I -4F 

From this phenomenon, it may be presumed that there is 
a close relation between the PTC characteristics of BaTi03 
thermistors and their reduction and oxidation. In this paper, 
the relation between PTC behavior and oxygen diffusion 
characteristics was investigated by annealing, in air or 
oxygen atmosphere, specimens that had lost PTC behavior 
by reduction. 

Results showed that the coefficients of oxygen volume 
diffusion both with and without PTC behavior were equal 
to each other. But the coefficient of oxygen boundary dif- 
fusion with PTC behavior was much larger than that without 
PTC behavior. 

2. Experimental Procedures 

2-1. Preparation of Specimens and Measurement of 
Electrical Properties 

BaTi03-PTC was prepared by compounding BaC03 and 

0.2mol% of Y203 (extra pure reagent, manufactured by 
Wako Pure Chemical) was added to the mixture, which was 
wet-blended with a pot mill for 24hrs. The resulting 
material was dried and calcined at 1100°C for 2hrs, and the 
powder thus obtained was granulated with a binder, molded 
under pressure of 49MPa into a shape 20mm in diameter 
and 2mm in thickness, which was reduced by firing at 
1300°C for lhr (with a temperature-changing rate of 
300"C/h) in N2-H2 (7% H2). The reduced specimens were 
annealed at 500°, 800". 900" and 1100°C for Ihr in (300"Ch) 
in air. At 1100"C, they were also annealed in oxygen gas. 

To measure the PTC characteristics of the reduced 
specimen and the specimens annealed in oxygen as men- 
tioned above, their surfaces were polished and coated with 
ohmic silver electrodes and fired at 500°C for IOmin, to 
prepare electrodes. Resistance at room temperature R20 and 
variation in resistance change at around Curie point and 
R=log (Rrnaa rn in )  were measured. 

2-2. Quantitative Analysis of Oxygen 
Of the specimens prepared in (I), a reduced specimen 

and specimens annealed at 800°C in air and at 1100°C in 
oxygen were ground and quantitatively analyzed with a 
nitrogen-oxygen analyzer (EMGA-2800, manufactured by 
Horiba Seisakusho) to measure the change of oxygen quan- 
tity. 

2-3. Measurement of Coefficient of Oxygen Diffusion 
Oxygen diffusion'characteristics of the reduced specimen 

and the specimens annealed at 500", 800". 900" and 1100°C 
in air and oxygen were measured by the gas-solid phase 
exchange method." Figure 1 shows the measurement 
method of oxygen diffusion coefficients. A platinum- 
crucible containing powdered specimen (for measurement, 
powders prepared by crushing specimens to ranges of 14 to 
16 mesh and 200 to 300 mesh were used) was set in a quartz 
glass container which was evacuated to below 1 0 - ~ m m ~ ~  

S a w l i n g  gas 
11'0 t ''0 gas1 

Cooling later 
lnluction coil 
Pt crucible 
Speciaen 

~ - 

Ti02 (extra pure reagent, manufactured by Wako Pure 
Chemical Industries, Ltd.) to a Bni ratio of 0.99, and Fig. 1. Measurement method of oxygen diffusion coefficients. 
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Fig. 2. Resistivity versus temperature of BaTi03-PTC specimens 
annealed in different conditions. 

(0.133Pa) and oxygen containing 20% of '% isotope was 
admitted to an oxygen gas pressure of 40mmHg (5.33kPa). 
Setting the temperature of the specimen powder at a test 
temperature (850" and 1100°C) after preheating it at 800°C 
for lOmin with an induction coil, the compositional change 
of "0 + 160 gas with time was quantitatively analyzed with 
a double-focussing mass-spectrometer (Hitachi, B-80). The 
measurement method for the diffusion coefficient utilized 
changing gas composition with time due to the exchange 
reaction between 160 in the specimen solid and "0 in gas. 
In calculating diffusion coefficients, the specimen was as- 
sumed to be a sphere, and the following equation was used.@ 

6a(a+l)  exp  itla^) la^) 
MtIMs 1 -c . . . . . . . 

9+9a+qza2 
( 1 )  

Fig. 3. R=log (RmaxIRmin) versus resistivity at room temperature 
p20 annealed in different conditions. 
(@) reduced specimen, (0 ) 500'C in air, 
(A) 800.C in air, (0) 900'C in air, 
(0 ) 1100'C in air, (. ) 1100'C in 02. 

NTC (Negative Temperature Coefficient) behavior. When 
the reduced specimen was annealed for lhr at 800°C in air, 
the resistivity p2o increased to 2.7Q.crn. while PTC behavior 
was not observed. PTC behavior was remarkable for 
specimens annealed at above 900"C, particularly at 1100°C. 
The temperature at which resistance started rising was 
120°C. The difference in resistance change was 1.2 for a 
specimen annealed for lhr at 1100°C and 2.2 for a specimen 
annealed in an oxygen atmosphere. Thus, it follows that the 
higher the oxygen partial pressure, the larger is the value of 
R. 

Figure 3 shows the plotted relation between resistivity 
at room temperature p20 and difference in resistance change 
R. The figure shows two regions resulting from annealing 
a reduced specimen in air or oxygen. One is the region 
without PTC behavior and with zero R (NTC region), and 
the other is the one with PTC behavior and with non-zero 
R (PTC region). 

Based on Heywang's barrier model7), resistance is 

Where q, is the non-zero root of tan qn=(3q,/3 + aq;), 
a is the radius of the specimen sphere, a is the ratio between 
the number of oxygen atoms in the gas and solid and Mt/Tvl- 
is the ratio of diffusion amount at time t and after infinite 
time. 

3. Experimental Results and Discussion 

3-1. Annealing and PTC Characteristics 
Figure 2 shows the change in resistance temperature of 

specimens annealed under different conditions. The 
porosity of the specimens after reduction by firing was.9% 
and the particle radius was about 40ym. The resistivity at 
room temperature (pZ0) was about 1.0 Q,cm and showed 

where is the height of the barrier and is given by 

where N, is the acceptor density of the grain boundary 
and No is the donor density. Based on the result of this 
study, no acceptor level seems to be formed in the grain 
boundary because Equation (2) gives 0 for since R is 0 in 
the NTC region. The increase of p2o with increasing an- 
nealing temperature is attributable to the increase of bulk 
resistance p, with decreasing donor density resulting from 
oxidation. 

When pzo becomes 6 to 7 0 c m ,  R is no longer 0, as 
shown by Equation (2). Accordingly Equation (3) gives Ns 
= 0, and it is expected that an acceptor level was formed. 
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r e l u ~ e d  anntal ing . anntal ing 
speclotn a t  800'C i n  a l r  a t  1100 'C i n  02  

. 4. 02 concentration in BaTiOg specimens annealed in different 
conditions. 

Increasing R with p2o in the PTC region seems to be at- 
tributable to either decreasing ND in Equation (3) or gradual- 
ly increasing N, as in NTC region, or both. 

The above shows that the appearance of PTC behavior 
has a critical point in the annealing temperature range of 
800" to 900'C at which pzo is 6 to 7Qcm and that N, is 
almost 0 at temperatures below that temperature and takes 
a finite value above that temperature. 

3-2. Quantitative Analysis of Oxygen 
Figure 4 shows the oxygen concentration in reduced 

specimens and those annealed at 800°C in air and at 1 100°C 
in oxygen. Measurements were conducted three times, and 
the average oxygen concentration was 20.57~1% for 
specimens annealed at 1100°C and 20.52wt% for reduced 
specimens. The oxygen concentration in BaTi03 without 
oxygen defects was given as 20.58wt%, almost equal to the 
value for the specimen annealed at 1100°C in oxygen. Cal- 
culation based on oxygen concentration in reduced 
specimens gave the oxygen defects as 4.1 x 10~~/cm', al- 
most equal to the data obtained by Daniels et a1." at 1310°C 
under 0 2  partial pressure of 10-14 to 10-~~a tm.  These results 
show that the oxygen defect number decreases with an in- 
crease in annealing temperature and oxygen partial pressure 
when the reduced specimen is oxidized by annealing. 

Compared with Fig.3, it is revealed that is not 0 when 
the oxidation makes progress to a certain degree with the 
increasing in p, with decreasing oxygen defect number. 

3-3. Oxygen Diffusion Coefficient 
Figure 5 shows the results of experiments on oxygen 

diffusion at 850°C in specimens of 14 to 16 mesh annealed 
at 1100°C in oxygen. The figure shows the relation between 
~ t / a l  and sampling time t, which is a straight line, revealing 
that the rate of exchange reaction is being determined by 
oxygen diffusion. 

From the slope, the value of ~ / a ~  is obtained as 3.2 x 
10-'~(sec-') and since a=0.0548cm, D is 9.6 x (cm2.sec- 
I). 

D is the apparent diffusion coefficient including the con- 

1 . 2 5  

1 . 0 0  

0 .50  

0  
0  2 0  40  60 

S a m p l i n g  time (min) 
2 Fig. 5. Typical plot of DVa against time for a specimen thermally- 

treated at 1100'C in 02. 

Fig. 6. Schematic illustration of the relations between log D (oxygen 
diffusion coeffcient) against log a (particle rad~us) for the 
two extreme cases: (- -) Dg>aDv and ( -  -) Dg=Dv, where 
Dv is a volume diffusion coefficient and Dg is a grain bound- 
ary diffusion coefficient. 

tribution of boundary diffusion?' 
Here, the relation between apparent diffusion coefficient 

and particle radius of the powder specimen will be men- 
tioned. For specimens prepared by grinding reduced 
specimens to a certain particle radius, when grain boundary 
contribution to apparent diffusion coefficient is large be- 
cause of increasing effective surface area, the larger the 
grain size of the specimen is, the larger is the apparent 
diffusion coefficient. In this case, as shown in Fig.6, the 
apparent diffusion coefficient has positive dependence on 
specimen particle radius. When the coefficients of bound- 
ary diffusion and volume diffusion are approximately equal 
to each other, the specimen can be considered to be com- 
posed of grains with no grain boundary, and so the apparent 
diffusion coefficient for any specimen radius is equal to the 
coefficient of volume diffusion. As stated above, the coef- 
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Fig. 7. Plot of oxygen diffusion coefficients against particle radius 
under different annealing conditions. 
(@ ) reduced specimen, (0 ) 500°C in air, (A) 800°C in air, 
(0) 900°C in air, (4 ) 1100°C in air, (4 ) 1100°C in 02. 

ficient of volume diffusion can be obtained from the value 
of the apparent diffusion coefficient for each particle radius 
extrapolated to primary particle radius. The mathematical 
treatment of this volr,-ne diffusion coefficient calculation is 
difficult at present, but its experimental pertinence is shown 
in the study of Shirasaki et al?) When this dependence on 
specimen size has a positive value, for specimens having the 
same value of volume diffusion coefficient, the larger the 
slope S is, the larger the boundary diffusion coefficient is. 

Figure 7 shows the apparent coefficient of oxygen 
volume diffusion D measured at 850°C for reduced thermis- 
tors and specimens obtained by annealing the thermistors at 
500", 800", 900" and 1100°C. using the above method. As 
shown in the figure, every specimen showed the same value 
of coefficient of oxygen volume diffusion, that is, 2 x 10- 
14cm2/sec. 

The value of the coefficient of oxygen volume diffusion 
for this bulk was about the same as the oxygen volume 
diffusion data obtained by SIMS in the study of Hasegawa 
et al.lO) 

When specimens with PTC behavior (those annealed at 
900" and 1100°C) and those without PTC behavior (reduced 
thermistors and specimens annealed at 500" and 800°C) are 
compared, if the rate of change in particle radius against that 
of oxygen diffusion coefficient with particle radius is slope 
S, for the specimen with PTC behavior, S=1.08, and for that 
without PTC behavior, S=0.29, showing a great difference 
between the two. This wide difference in slope shows that 
for specimens with PTC behavior, the contribution by grain 
boundary diffusion to apparent diffusion coefficient is 
greater than for s ecimens without PTC behavior. 

Haneda et observed the same tendency. showing a 
higher rate of change in the coefficient of boundary dif- 
fusion for specimens with PTC behavior, based on the 
evaluation of oxygen boundary diffusion characteristics ob- 
tained by SIMS. 

In the results from measuring the coefficient of oxigen 
diffusion at 1100"C, the coefficient of oxygen diffusion 

Fig. 8. Plot of slope (S) in Fig.7 and R against p20 with different 
annealing conditions. 
(@) reduced specimen, (0 ) 500°C in air, (A) 800°C in air, 
(0) 900°C in air, (4 ) 1100°C in air, (+ ) 1100°C in 02. 

of bulk showed the value of about 3 x 19~13cm2/sec for all 
the specimens, with a slope of 1.0, showing no difference. 
In other words, the difference in grain boundary diffusion 
between specimens with and without PTC behavior as 
shown in the measurement at 850°C was not observed. This 
might be because 1100°C is the temperature range where 
PTC behavior tends to occur, and reduced specimens which 
showed no PTC behavior and specimens annealed at 500" 
and 800°C in air changed to show PTC behavior during the 
measuring process. 

3-4. PTC Characteristics and Oxygen Diffusion 
It was clarified that there was a close relation between 

PTC characteristics and annealing temperature and partial 
oxygen pressure and that, in particular, PTC behavior ap- 
peared when annealing temperature rose above around 800" 
to 900"C, where NTC and PTC ranges were divided, as 
shown in Fig.3. Although in both ranges the same cation 
compositions exist, the state of oxygen diffusion differs, 
with the ratio of boundary diffusion to intragranular dif- 
fusion becoming larger during transition from NTC to PTC 
range. 

Figure 8 shows the relation between these charac- 
teristics. It is notable that boundary diffusion behavior 
starts to change sharply at the point where PTC behavior 
occurs as shown by the slope S which is the index of the 
coefficient of boundary diffusion, with the critical points 
being identical with each other. 

As the mechanism of PTC behavior, it is essential for a 
double Schottky barrier to be formed in the grain boundary, 
as shown by Heywang's barrier model. In this case, the 
formation of an acceptor level is necessary for the bamer 
height () to occur, as in Equation (3). However, as shown 
by the results of this study the formation of an acceptor level 
does not always occur until annealing is done to the PTC 
region as shown in Fig.3. In other words, the formation of 
an acceptor level is strongly affected by annealing tempera- 
ture and partial oxygen pressure. 
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Although it is considered possible that the appearance of 
defect VBa (VB3a or V8Va) of Ba site or the disappearance 
of oxygen defect Vo (V, or Va) may accompany oxidization 
of PTC thermistors, ~ a n i e l s ~ '  et al. explained that the for- 
mation of an acceptor level was attributable to the formation 
of defect VBa of Ba site in the vicinity of the grain boundary. 

In this experiment, it was clarified that the ratio of grain 
boundary diffusion of specimens with PTC behavior was 
higher, which showed that oxygen concentration in the bulk 
was higher in the vicinity of the grain boundary while there 
was a relation of [VBa] - Poq" (no), and thus it seems that 
the formation of VBa becomes concentrated in the vicinity 
of the grain boundary due to the increasing oxygen in the 
bulk in the vicinity of the grain boundary resulting from a 
larger ratio of boundary diffusion. On the other hand, since 
the results of this study in Fig.4 also confirm that oxygen 
concentration in the bulk increases with annealing tempera- 
ture and partial oxygen pressure, the disappearance of 
oxygen defect Vo becomes concentrated in the vicinity of 
the grain boundary, which could contribute to the formation 
of an acceptor level. In either case, this oxygen is supplied 
from the grain boundary. 

As shown by Figs.3 and 8 of this study, there is a critical 
point between NTC and PTC regions where the coefficient 
of oxygen diffusion and electrical characteristics change 
sharply. In particular, the ratio of boundary diffusion shows 
a sharp change during the transition from NTC region to 
PTC region as shown in Fig.8. The coefficient of grain 
boundary diffusion DGB, if the amount of oxygen defect is 
NGB and moving rate of oxygen defect is DvGB, is given by 

Here, regarding the change of oxygen concentration in 
the bulk with the change of annealing temperature from 
NTC region to PTC region, the quantity of oxygen defect 
N in the bulk is presumed to gradually change with anneal- 
ing temperature, based on the change of resistance ( ~ 2 ~ )  in 
Fig.3 and the results of oxygen analysis in Fig.4. 

If the quantity of the oxygen defect Ncs related to bound- 
ary diffusion is affected by annealing as the oxygen defect 
N is related to bulk oxygen diffusion, NGB will be in propor- 
tion to N. In this case, the ratio S in Fig.8 at the boundary 
is expected to change gradually. However, in actuality, S 
starts sharply increasing in its behavior at the point A where 
PTC appears. This suggests that NGB or DvGB in Equation 
(4) should start to change sharply at the point A. In any 
case, the results shown in Fig.8 suggests that such a critical 
phenomenon as phase transformation should start occuning 
at the point A in the grain boundary, as it is formed in the 
grain boundary. It is thought, not that the acceptor level in 
Heywang's model gradually increases, but that it suddenly 

starts appearing at the point A. 

4. Conclusions 

By evaluating the dependence of PTC characteristics on 
annealing conditions and oxygen diffusion state in BaTiO3- 
PTC thermistors, the following information was obtained. 

1)Reduced BaTi03 thermistors showed PTC characteris- 
tics at annealing temperature above 900"C, with NTC and 
PTC regions existing bordering at the critical point in the 
temperature range of 800" to 900°C. 

2)The coefficient of volume diffusion in both regions was 
2 x 10-'~cm~/sec. However, the slope S in PTC region was 
1.08, being larger than 0.29 of that in NTC region, while 
there existed a critical point where the ratio of boundary 
diffusion to apparent diffusion coefficient started sharply 
increasing. 

This critical point agreed with the bordering of NTC with 
PTC regions related to the appearance of PTC behavior. 
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Direct Observation Method for Internal Structure of 
Ceramic Green Body 
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An alumina green body was made transparent by im- 
mersing in a liquid which has a refractive index close to 
that of alumina. Its internal structure was examined 
directly with an optical microscope. 
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1. Introduction 

The nonuniformity of powder particle packing and in- 
clusions in a green body often remain in the final sintered 
body,') diminishing the various characteristics of the 
ceramic. It is a starting point in the preparation of high 
performance ceramics to obtain a green body with minimum 
defects. If the internal structure of a green body could be 
understood an ideal green body might become reality by 
feeding back the results to the forming process. However, 
it was difficult to make this feedback in the past because the 
characterization of small defects in a green body was not 
easy. 

Noting that no light scattering occurs at an interface of 
mediums which have the same refractive indexes,') we 
developed a method for closely characterizing the internal 
structure of a ceramic green body. In the method, a body 
was made transparent by immersing it in a liquid with a 
refractive index close to that of the green body and it was 
observed with an optical microscope. Using this method, 
the microstructure at optical microscope level can be ob- 
served over the whole range of the volume of the specimen 
and detailed information can be obtained on the entire struc- 
ture of the green body. Compared to the observation of 
specimens flaked with a microtome:) this experimental 
method is very easy, not requiring any particular apparatus 
and capable of preparing a specimen within a short time. 
The method is thought to be a very important step in ad- 
vancing the science of green body formation, compared with 
the conventional method by which only two-dimensional 
information could be obtained on an incidental fracture or 
a ground surface, or very large defects only could be es- 
timated with an ultrasonic micro~cope.~) The method is as 
follows. An isotropic-pressed alumina green body is used 
as a model, and it is made transparent by immersing in a 
liquid which has a refractive index close to that of alumina, 
(alumina: 1.77, liquid: 1.69-1.79),~) and its internal structure 
is directly observed with an optical microscope. 

2. Experimental Procedures 

Commercial alumina powder granules (TM-DS manu- 
factured by Taimei Kagaku), were monoaxial-press- formed 
into pellets (13mm in diameter, 2mm in thickness) at 
IOMpa, and these were hydrostatic-pressed at 20MPa to 
prepare a specimen green body. To remove binder, the 
specimen was heated to 600°C at a temperature increase rate 
of 2'CImin in air, kept for lh  and cooled to room tempera- 
ture. As immersion liquids, 1-bromonaphthalene (refractive 
index: 1.69). iodomethane (refractive index: 1.749) and in 
addition, a solution saturated with sulphur (refraction index: 
1.79) and a solution with dissolved sulphur of about one- 
third of saturated volume (estimated refractive index: 1.76) 
were used. The green body was put into the liquid and 
deaeration was conducted for lOmin in a vacuum desiccator 
using a water-jet pump to make the immersion liquid per- 
meate sufficiently inside the green body. Although the in- 
ternal structure could be observed as it was, a flake 
specimen was ground to a thickness of about 0.2mm with 
sandpaper and similarly permeated with the immersion liq- 
uid to observe in more detail. The internal structure of the 
flake specimen was observed with a transmission optical 
microscope by moving its focus position stepwise from the 
upper to the lower surface of the specimen. 

3. Results and Discussion 

Figure 1 shows photographs of alumina green body 

Fig. 1. Alumina green body specimens with immersion liquid having 
various refractive indexes; from left to right: n=1 .O, 1.69, 
1.75, 1.76. 1.79. 
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Fig. 2. Transmission optical micrograph of alumina green body 
specimen showing internal structures. 

specimens with immersion liquids. For a green body with 
this thickness, a very good transparency is obtained with 
refractive index in the range of 1.749 to 1.79. In case of 
I-bromo-naphthalene with a refractive index of 1.69, letters 
written on the foundation cannot be read. However, as the 
difference in tone of the photographs shows, transparency 
is considerably improved also with this liquid. 

Figure 2 shows an optical micrograph of the green body 
specimen showing internal structures about 20pm below the 
surface. For this observation, I-bromonaphthalene, which 
is easy to handle, was used. As shown in the figure, 
granules tens of pm in diameter were seen piled up on each 
other with cavities definitely existing among them. As the 
focus of the microscope was moved, such structures appear 
and disappear one after another at various depths. For a 
0.3mm-thick specimen, there was little change in the sharp- 
ness of the image as the focus was moved from the upper 
to the lower surface, and so the internal structures could be 
closely investigated by this method. For a specimen per- 
meated with liquid without the removal of binder similar 
results were obtained. 

The defect images observed in the microscope were not 
much influenced by the kind of immersion liquid, and in all 
cases defects were clearly seen. For example, when 
iodomethane which has a refractive index close to that of 
alumina is used, the whole image becomes clearer though 
the contrast of the defect images somehow decreases due to 
improved transparency. The results up to now generally 
show that the closer the refractive indexes of the liquid 
approaches to that of the grains, the easier the observation 
of defects becomes. The reason for such results may be as 

follows. For defects to be seen by a microscope, scattering 
of light has to take place at the interface between grains and 
liquid, and theoretically when the refractive indexes of both 
completely coincide the scattering should become zero and 
the internal structure of the specimen ought to be invisible. 
Practically, however, since the refractive index of a material 
changes with wavelength, and the wavelength dependence 
differs from one material to another, light with a wavelength 
susceptible to scattering is always present in an observation 
that uses white light, as in this study, so the existence of 
defects is inevitably observed. 

The reason for observing internal structures with many 
granules being piled up is that the granules were not com- 
pletely crushed, because forming pressure during the 
preparation of the green body was low. In fact intergranular 
cavities decreased in number with increasing pressure. 
However, those cavities did not entirely disappear even 
when the formation pressure was 600MPa. 

We previously conducted another direct observation of 
internal defects in high-density HIP ceramics using a trans- 
mission-type optical and reported that many 
defects of about 20pm size existed in the high-density 
transparent ceramic prepared from the same powder used in 
this study and that the ceramic had a strength of 700Mpa. 
One of the causes for the formation of those defects might 
be that the cavities which existed in the green body remain 
even after sintering HIP. Although the alumina granule used 
in this study was one of the highest-level commercial 
products of this kind at present, its properties will be further 
improved by enhancing granular characteristics. 
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A Model for Two-Dimensional Compaction of Cylinders 

Takayasu Ikegami 

National Institute for Research in Inorganic Materials ,]-I,  Namiki, Tsukuba-shi, Ibaraki 305, Japan 

A model for two-dimensional compaction of cylinders is 
proposed. The equation In(PdP1) = k~k~Nt(VZsz-VZsl) 
based on the model well described an experimental rela- 
tion between the applied pressure Pa and the number of 
propagation sources of rearrangement, Zs, where kl is a 
constant, k, is a coefficient of friction, Nt is the total 
number of contacts among cylinders, ZSl and PI are the 
initial value of Zs and that of Pa, and Zs2 and P2 are the 
final ones, respectively. The equation indicates that 
In(PdP1) is roughly proportional to 1/Zs2 under the con- 
dition PluPz because of ZszuZsl, which means that a 
feature in the initial packing structure vanishes on com- 
paction. The ks value, on the other hand, has appreciable 
influence on the Zs2 value, i.e., the final packing struc- 
ture. 
[Received December 18, 1989; Accepted April 13, 19901 

paction phenomena of a powder are so complicated that 
most of the studies have derived only empirical equations 
relating an applied pressure to the volume of a powder com- 
pact. Mathematical studies:"0) on the other hand, have 
been made under an assumption that the powder compact 
can be treated as a continuum medium. This assumption is 
reasonable for macroscopic behaviors") of a powder. It is, 
however, well-known that properties of ceramics critically 
subject not only to macroscopic inhomogeneity12) in pack- 
ing of particles but also to packing defects13) of particles in 
microscopic regions. The present study was made to obtain 
information about microscopic packing structure of par- 
ticles. Since it is very difficult to analyze and describe a 
three-dimensional packing structure of particles, a two- 
dimensional one was examined through analysis of compac- 
tion process of cylinders located in the flat box of a 
compaction apparatus.14) 

Key-words: Theory f compaction, Two-dimensional com- 
paction, Compaction of cylinders, Compaction apparatus 2. A Compaction Model 

1. Introduction 

There is an essential difference between a regular array 
of particles in a sintering model and a random one in an 
actual powder compact. This causes severe questions1-3) for 
application of theoretical equations of sintering to practical 
data of usual powder. If one can elucidate packing structure 
of particles in a usual powder compact, a sintering theory 
must be effectively developed. 

Successive studies4-") about compaction have been 
made in various fields such as ceramics:) powder metallur- 

soi1,6") pharmacy8) and applied Com- 

2-1. np ica l  Arrays of Cylinders 
Figure 1 shows two typical examples of packing of 

cylinders, fmm which one can find some statistical relation 
between a number of cylinders Cp and the shape of a 
polygon linked with their centers. Figure 2 shows four 
examples of the polygons, in which polygons with Cp<5 are 
inevitably convex. If a concave polygon is defined as the 
polygon having one concave site at least, a number fraction, 
Rc, of the total number of concave polygons for a given Cp 
abruptly increases with increasing the Cp value from 6. 
Most of polygons of Cp28 are accordingly concave. Figure 
2 shows that when cylinder a or b at a convex site shrinks 
toward the center of the polygon, cylinders c, d,near it in- 

Fig. 1 .  Two typical arrays of adhesive cylinders. (a) random, (b) granules. 
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Fig. 2. Four examples of polygons linked with Cp cylinders. 

evitably move toward outer side. The applied pressure 
restricts such movement in general. The polygons, there- 
fore, are considered to be bard in the sense that the restric- 
tion force prevents them from breaking down. It is, on the 
other hand, probable that cylinder e or fa t  a concave site in 
Fig. 2 shrinks toward the center of the polygon together with 
cylinders g, h,near it. The concurrent shrinkages indicate 
no operation of the restriction force stated above, and hence 
the polygon is considered to be soft in the sense that its 
collapse can easily occur. Furthermore, most concave sites 
in a polygon can play the role of propagation sources, PS's, 
at the rearrangement of cylinders. 

2-2. Rearrangement of Cylinders in A Sub-Region 
We consider a slide at a contact between two cylinders. 

Such a slide occurs when an applied force, Fa' increases by 
Afa. ~ h ~ s i c s ~ " ' ~ )  lead an equation 

where ks is a coefficient of friction. A sub-region is 
defined as a region where the rearrangement of cylinders is 
directly induced by that at one or several PS's. If simul- 
taneous slides occur at Zr contacts in the sub-region, ZrAfa 
is equal to the least increment of Fa which just causes the 
rearrangement. There is a relation, 

among Fa, an applied pressure, Pa' and a number of 
cylinders per a unit length for the planar packing, na. na is 
statistically equal to l l ( ~ x d c ) ,  where pr is an area fraction 
of occupation of cylinders to the total area of the compaction 
field and dc is the radius of a cylinder. The previous 
study,I4) on the other hand, showed the practically slight 
change of the pr value from 60% to 80%. This inappreci- 
able change as compared with the former one roughly means 
that na is constant during compaction. Consequently, Eq. 
(2) indicates that Fa is proportional to Pa. It is natural that 
ZrAfa is induced by increase, APr, of Pa. From these rela- 
tions and Eq. (I), 

2-3. Decrease of PS in Number 
To derive an equation which relates a number of sub- 

regions to an applied pressure, the following are assumed: 
(1) An applied pressure, Pa, results in some balanced 

array of cylinders. At this time, force Fa, which is propor- 
tional to Pa, acts at a contact between cylinders. 

(2) The rearrangement of cylinders at PS has directly 
influence on directions of movement of other cylinders in 
the same sub-region, but has indirectly influence on those 
in the other sub-regions. 

(3) A number, Zr, of sliding contacts in a sub-region is 
proportional to the total number of contacts Zm in it. 

Compaction induces translations or rotations of cylinders 
and their clusters with slides at contacts among cylinders as 
well as those without such slides. Zr, therefore, is smaller 
than Zm. It is very difficult exactly to estimate the Zr value. 
If, however, rearrangement of cylinders is fully random, a 
constant ratio is statistically evaluated between sliding 
cylinders and the other ones. This situation is in accord with 
assumption (3). 

From the definition, every sub-region has a PS or more 
PS's. PS's which exist closely must belong to the same 
sub-region, and co-operatively induce the rearrangement of 
cylinders in it. The existence of such sub-regions means 
that the total number, Zs, of sub-regions is not more than 
that, Zp, of PS's. Eq. (3), however, indicates that the APr 
value decreases with decreasing the Zr value. This tendency 
means that rearrangement of cylinders easily occurs in a 
compaction field with small (many) sub-regions in com- 
parison with that with larger (fewer) ones. This condition 
suggests that sub-regions with one PS are much more than 
the other with several PS's in general, and Zs is roughly 
estimated as Zp. The compaction field is, thus, divided into 
Zp sub-regions from PS to PS. 

Assumption (1) indicates that the increase of Pa to 
Pa+AP results in a new balanced array of cylinders with 
PS's of Zs-1 from the old one with Zs. Rearrangement from 
(&-I) to (Zs-2) occurs, if the applied pressure increases 
from Pa+AP to Pa+2AP +A55MV 1 ' further one from (Zs- 
2) to (Zs-3). also, prqceeds after increase of, the applied 
pressure from Pa+2AP +A55MV1 to Pa+3AP +A552 and 
so on. If dZs-la&, AqAP r (q=l, 2, - -). dPa is defined as 
the increment of the applied pressure during which the value 
of Zs decreases by,dZs. dPa = AP dZs. Very difficult es- 
timation of the AP,, value results in that of the dPa value. 
A relation that APr is proportional to Ap, however, may 
hold because of slight structural change of array of cylinders 
from Zs to Zs-1. Both the values of Zs and dZs are propor- 
tional to the area of the compaction field, which, on the 
other hand, has inconsiderable influence on the value of 
dZs/Zs. dPa is hence related to dZs/Zs to eliminate the effect 
of the area of the compaction field on the relation, and dPa 
is found to be proportional to the product of APr and dZs& 
Nt denotes the total number of contacts in the compaction 
field, and Zs is equal to NJZm. From the aforesaid relations, 
dPaOAPrxdZs/Zs, ZrCiZm and Zs = NJZm 

is obtained. is derived from Eq. (3), where k~ is a constant. If Nt is 
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Table 1.Applied pressures, Pa, ratios of occupation, pr, and numbers of polygons linked with Cp cylinders for a random array. 

a constant, integrating Eq. (4) results in 

where PI and Zsi are the initial values of Pa and Zs, PZ 
and Zsz are the final ones, respectively. 

30 

3. Experimental 

The apparatus, CA, '~)  was fabricated to observed com- 
pacting process of something like 500 acrylic resin cylinders 
with lOmm in diameter by 16mm in high. The cylinders 
were compacted with the four movable walls which slide on 
the flat plate of the apparatus. The purchased cylinders are 
slippery, and their sides were covered with a pressure sen- 
sitive adhere double coated tape to give adhesiveness to the 
cylinders. Analysis was canied both on a packing process 
of the randomly arranged cylinders and on that of granules 
consisting with about 25 cylinders. Packing structure was 
taken with a camera located above CA. An applied pressure 
was measured with a strain gauge. p, was estimated as the 
ratio of the total basal area of cylinders to the area of the 
square encircling them. 

4. Results and Discussion 

Table 1 shows pr, Pa and distributions of numbers of 
polygons. From the Table, increase of Pa occurred slightly 
from ~ ~ 6 8 % .  and appreciably from pr=78%. It was, how- 
ever, very difficult to obtain a larger pr value than 81%. 

If there is a direct interdependence among all the slides 
at contacts in the compaction field (this corresponds with 
the compaction field having one sub-region), it is very dif- 
ficult to explain the reason why densification at a relatively 
low pr (D%) easily occurs even at an insignificantly applied 
pressure. This perplexed situation induces the conception, 
that is, "sub-regions". This conception, also, well explains 

Fig. 3. A relation between Pz/Pl and l/Zsz - l/Zsl. 

one of origins for the abrupt increase of Pa from 
78%<F128pr because of appreciable decrease of PS in num- 
ber. 

Numbers of polygons of Cp = 3 to 5 notably increased, 
but those of CP28 decreased on compaction. These different 
tendencies in change of the number may be attributed to the 
shapes of polygons. That is, the polygons of Cp=3 to 5 are 
inevitably convex, but Rc for a given Cp value increased 
with increasing Cp, and most of polygons of Cp>8 are con- 
cave. 

The value of ZS has to be evaluated to test the reason- 
ability of Eq. (5), but not only this evaluation but also that 
of Zp is very difficult. The major part of concave sites, on 
the other hand, was identified as propagation sources of 
rearrangement of cylinders, and ZS may be substituted with 
a number of all the concave sites in the compaction field. 
We, then, enumerated such sites to calculate Eq. (5). The 
solid line in Fig. 3 shows the result obtained from Eq. (5) 
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under an assumption that the kl value is constant. The close 
fit of the theoretical values to the experimental data supports 
the reasonability of this assumption. 

Eq. ( 5 )  indicates that the value of I/Zsz-l/Zs~ approaches 
to that of 1/Zs2 with increasing P2. This means that if an 
applied pressure is appreciably high, &I, an initial array of 
cylinders, has slight influence on the Zs2 value, the final 
array of cylinders. Our previous paper14) has shown that 
the initial array of cylinders has strong influence on packing 
structure in the early stage of compaction. This feature 
vanished on compaction as suggested from Eq. (5 ) .  The 
data, also, roughly support that the kl value is constant. It 
was, however, very difficult completely to eliminate the 
trace of the packing feature in the initial array in spite of 
applying a very high pressure. Further development of the 
present compaction model is required to specify the trace. 

It is well-known that a coefficient of friction1') has ap- 
preciable influence on packing structure. Eq. (5), also, 
theoretically confirms this influence irrespective of a degree 
of compaction. This result suggests that it is very desirable 
to fabricate a powder with a very small ks  for achievement 
of a very small Zn value, effective elimination of relatively 
large pores. 

5. Conclusions 

The presently derived equation describes a two-dimen- 
sional compacting process, where the initial feature in a 
packing array vanishes on compaction. The equation, also, 
indicates that a final structure by compaction statistically 

iety of Japan, Int. Edition Ikegami, T.  

depends both on a friction coefficient among particles and 
a final compression pressure. 
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1 Information & communications I 
News 

Domestically-produced Special Glass 
Available 

Nippon E l h c  Glass has demonstrated 
the quality of speaal glasses developed by 
its own technology as the materials to be 
used for maintaining the solar battery of a 
scientific satellite. 

The company has developed borosilicate 
glass "BDX" for a space satellite under 
the guidance of the Space Science Re- 
search Laboratory of the M i  of 
Education, and performance tests were 
conducted by the Laboratory on 
"Akebono", an Aurora observation satellite 
which was launched on February 22 last 

year. 
Two kinds of the product are cover 

glass (500pm in thickness) and heat con- 
trolling mirror (200pm in thickness) for a 
solar battery, for whch the standard 
product of 4cm in length and Zem in width 
in a total of 4200 sheets was mainly used. 
This product, a boronsilicate glass contain- 
ing cerium oxide and titanium oxide, is 
also superior in its heat controlling func- 
tion, with a high heat radiation rate. 

When exposed to ultraviolet rays in 
space, the output of a satellite battery 
dedines because its protective glass de- 
teriorates. This product was designed to 
retain 330 W at launching and not less 
than 270 W after one year, but the ex- 
perimental results were so favorable that 
it retained 365 W after 6 months, even 
exceeding the standard level after one 
year. 

LBO Single Crystal Developed 

Mitsui Petrochemical Industries, Ud 
has developed LBO (lithium tetraborate) 
single crystal to be used for SAW (surface 
acoustic wave) elements. This product is 
more favorable in its high frequency 
charaderistic than rock crystal and other 
single crystals. SAW elements are used 
for filters capable of selecting frequenaes, 
as well as for resonator and delay line 
elements. It is also used for automobile 
telephones, cordless telephones, pocket 
pagers, etc. A rwearch group of the 
company's functional materials research 
laboratory has sucewfully grown a LBO 
single +al of 2 inches in diameter and 
3 inches in length using the CZ method. 
However, since it is actually required to 

produce a crystal larger than 3 inches in 
diameter for SAW elements, the company 
is intending to improve both the size and 
growth speed for crystals. Toshiba and 
Nippon M i  Co, Ud. are the only 
companies which are manufacturing LBO 
single crystals. Thus, the company is 
planning to produce a crystal in a larger 
diameter so as to put it to praetical use 
within this year. 

Porous Ceramics with Eluted Glass 
Phase 

The ceramic test station of Nagasaki 
prefecture has developed mullite porous 
ceramies by eluting a glass phase. After 
cobalt oxide or copper oxide is mixed with 
New Zealand kaolin, the mixture is molded 
and calcined to obtain a mass mainly 
consisting of mullite phase in the neigh- 
borhood of 1400°C. Then, glass phase 
immersed in soda lye is eluted to obtain a 
mullite porous mass. The size of pore 
diameters can be adjusted by the mixture 
ratio of oxides and calcination tempera- 
ture. The basic property is a uniform 
pore diameter within a scope of 1 to 
O.05pm with a pore ratio of 50 to 60%. A 
spedmen with a smaller diameter showed a 
spedfic surface area of 50m2/g. In the 
evaluation experiment, this product was 
proved to be a favorable filter medium of 
methane fermentation liquid. The porous 
surface can be improved by organic silaoe 
compounds. The company is planning to 
enlarge its usage as a filter for drainage, 
bioreadors, and IC plants as well as 
chromatography fflers for the isolation of 
various kinds of chemical elements. 

Potassium Hexathionate Fiber 

Kubota hon Works Co., Ltd. has started 
the mass-produetion of potassium hexa- 
thionate fiber. This fiber is more favor- 
able than asbestos in its heat resistance 
and heat-insulating resistance. The com- 
pany has invited the manufacturing tech- 
nology based on the melt method from the 
National Institute for Researches in Inor- 
ganic Materials of the Science and Tech- 
nology Agency, and is now developing the 
mass-production technology at its Technol- 
ogy Development Research Laboratory. 
Flat fiber crystal of potassium titanate is 

10 to 30pm in diameter and 80 to 350pm in 
length. This material is an excellent 
friction material because of its wear 
resistance and high temperature stability. 
Thus, it is suitable for automobile disc 
brake pats, and is now b e i i  tested on a 
vehicle of a leading automobile manufac- 
turer. Needle tiber of potassium titanate 
is 0 2  to 05pm in diameter and 5 to 2Opm 
in length. It is a larger needle shape with 
high mechanical strength, and is rich in 
dispersion. Thus, it is an ideal s t a b i i  
member for plastic and ceramics, metallic 
product, etc. S i c e  this product is also 
usable as *ding parts, frictional parts, 
precision parts and others, the company is 
scheduled to increase the monthly produc- 
tion to a maximum level of 50 t as the 
non-asbestos mass production can be 
e e d .  

High Temperature Phase of Molyb- 
denum Silicide Synthesized Under 
Normal Temperatures 

A study group led by Shinya Iwamoto, 
head of Welding Engineering Research 
Laboratory of Osaka University, has suc- 
ceeded in synthesizing a powder of 8- 
molybdenum siliade (high temperature 
phase of molybdenum siicate) using the 
mechanical alloying method (MA), which 
consists of heading a powder of molyb- 
denum and silicon under normal tempera- 
tures for a long period of time. 

Molybdenum is often used as molyb- 
denum siliade with an addition of more 
than 60 to 70% atomic units for improving 
such properties as mechanical strength, 
anticorrosion and antioxidation. In most 
eases, alpha-molybdenum siliade is pro- 
cessed by the press plastic method, and 
sintered before it is used for heat-resis- 
tant and antioxidation coating materials or 
turbine wings, rocket nozzle, an- 
tiexothermic agent and eledrode materials. 

Molybdenum has two different phases of 
its temperature crystal structures in that 
it is 8-molybdenum silidde in hexagonal 
crystal between 2,020-1,WC and U-moly- 
Menum siliade in tetragonal crystal below 
these temperature levels. When molyb- 
denum and silicone are reacted at high 
temperatures by the melting method, ,9- 
phase is mated, hut it is soon d a m -  
posed or shorn phase cbanges, b m i n g  
a-phase alone which is stable at low 
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temperatures. 
In the current experiment, lwamoto et 

al. discovered that there exists only Q- 

phase for about 10 hrs when a fme powder 
of molybdenum and silicon was kneaded in 
a ball mill, but &phase appeared 15 hrs 
thereatier, leaving almost 8-phase alone 
after more than 30 hrs had passed. It was 
also c o n f i e d  that the synthesized powder 
was of hexagonal aystal in an X-ray 
diffraction image. The reason why 8-phase 
was created has yet to be clarif~ed. The 
MA method which has been attracting an 
attention as a method of manufacturing 
amorphous alloys without depending on 
superquenching has thus proved to be 
effective in the siliade formation. 

Industrial Association of Ceramics- 
Lined Fume Tubes Established 

An Industrial Association of Cerafume 
Pipe aiming at the popularization of exeel- 
lent ceramics-lined-fume tubes was es- 
tablished. The members of this Associa- 
tion include Teikoku Fume Tube, who 
developed Cerafume Pipe, Noritake Co., 
Ltd., Nippon Fume Tube, Nippon Kohatsu 
Concrete, Daido Concrete and others, in 
total 17 companies. Cerafume pipe is a 
centrihrgally molded hesh concrete tube 
Lined with a mixture of ceramics and resin. 
Unlike coated tubes, this product is excel- 
lent in its anticorrosion and non-abrasive 
properties as it is impregnated in the 
concrete in centrifugal molding. 

Although the product has been sold 
sirnee 4 years ago, the Association has 
currently decided to provide its members 
with technical how-how for a considera- 
tion, and is planning to propagate the use 
of this product for the pipe conduits of 
corrosive drains at sewage disposal plants, 
etc 

Collaboration on Effective Utiliza- 
tion of Coal Ash 

The Electric Power Development Co., 

Ltd. has started a daboration with 
Ozawa Concrete Co., Ltd and two other 
companies for promotion of the effective 
utilization of coal ash discharged from 
coal thermal power plants. The company 
aims to develop and commercialize con- 
struction materials with high added value, 
such as ceramic paving material and hollow 
ceramic blocks. Power companies retaining 
coal thermal power have so far effedively 
utilized fly ash for cement admiiures,and 
artificial lightweight aggregate concrete. 
However, a large quantity of coal ash is 
still thrm away for disposal, creating 
environmental problems. Encouraged by 
the building boom, power companies are 
gearing up for the development of eon- 
struction materials for the future. 
Electric Power Development has decided on 
a daboration with the above specialized 
manufacturers in the belief that there is 
an excellent market for construction 
materials. 

Titanium Nitride Films on a Zir- 
conia Substrate 

Hitachi, Ltd. have succeeded in forming 
nitride f h s  on a zirconia substrate by 
ion-beam mixing. The film forming opera- 
tion which used to take about a week by 
conventional methods such as ion implan- 
tation can be completed in about 15 min, 
with higher adhesion. It is also possible 
to form metallic thin films of aluminum or 
copper on a zirconia substrate. F i s  thus 
obtained are expected to h d  their a p  
plications in the fields of heat sinks for 
electronic parts and sensor-mounted 
ceramic cutters for IC automatic mounting. 

Using a bucket-type ion source, such as 
is used for nuclear fusion, with a capacity 
100 times greater than that used for ion 
implantation, Hitachi's ion beam mixing 
method provides high fh-forming speeds 
and f h  thicknesses from 60 to 7011. The 
method also features high adhesion result- 
ing from a mixed layer formed on the 
substrate. The ion source voltage and 
output current are 2OkV and O.Uamp, 

Hot-cut Pellet Manufacturing 
Apparatus for Material Tests 

Union Plastic Co., Ltd. has developed 
an extruder for manufacturing 30mm hot- 
cut pellets. Material tests of composite 
plastics and ceramics including other 
composite substances have been essential 
requirements in recent years. It is also 
required in various fields to utilize the 
feature of machineries in meeting s u e  
requirements in the preparation of pellets. 
Thus, this is an ideal equipment with less 
eost and no worries for draining and 
dryinB for the preparation of hot-cut 
pellets. 

Marketing 0, HIP 

A high volume of orders for the At- 
mospheric Oxygen Hot Isostatic Press (0, 
HIP) system, which M i t s u b i  Heavy 
Industries and Toray have jointly de- 
veloped, has encouraged these m d a c -  
turers to further promote the marketing of 
the system. 

The main feature of this 02HIP is in 
the development of a heat-resistant inner 
cylinder. Made by laminating two kinds of 
unique ceramics, this has overcome the 
previously inevitable drawbacks of the 
conventional inner cylinder of a heating 
furnace, i.e., such defeds as that the 
cylinder tends to break during tempera- 
ture rise and fall. This prolongs the life 
of heating units due to not overloading 
them, and furthermore temperature rise or 
fall time can be shortened with speeds of 
more than 500°C per hour, resulting in 
making its eyde time less than one half 
that of other maker's HIP. 

This HIP has such advantages as that a 
single unit can be converted for use with 
several different furnaces, enabling proces- 
ses in different conditions of atmosphere 
and temperature. 
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Abstracts of Articles on Ceramics from the Selected Journals 
of the Learned Societies 

4680 Molecular Oricntntional Struclores in Ferroeleclric, 
Japanese Journal of Applied Physics Ferrielectric and Antifcrroelectric S~neclic Liquid Crystal I'l~nscs 
Vo1.29, No.1, Jan. 1990 as Studied by Conoscope Obscrvalio~~ 
pp. 131-137 - - 

Ewa GORECKA*, A. 1). I>. CIIANI)ANI. Yukio OIICIII, 
H i d e o  TAKWVE a n d  A l s u o  FLIKUI>A 

Tokyo Irsl i l r lc  o/ Tecb,,ology. UcprrrU,,enl o/Org,,,!rr orrd I'oly,r!cric Al~,,rcriols, 
0-okoyomo, Megegvro-ku. Tokyo IS2 

Molecular oricnlational slructurer in  MIII 'OUC were studied by Itleanr or  co8tascnpe obscrvnlio~~. Contrary l o  a ler- 
roelectric response o f  111s co~~oscope to an elcclric licld in  lllr snlcctic C' pl~arc. t l~eeo~~oscopic hgurc ill !he antilerroclcc- 
trie rmcc~ic C: phase doer not r l ! i r l  ils cenler and is biaxial willn ils optic plisne perl>endiculnr l o  11,c licld direclion. This 
conoscopc cltangc is only due to  o dirlectric c o t ~ l r i b ~ ~ ~ i a z ~ ,  itldicilling tlte UX~\~L.IIC~ 01 l l le i n l>c r~~n l  Il~re,l>ald in lhceleclric 
hcld indoccd  rans sit ion l o  the lerroclcclric pharc. I n  bclwectl line lerroeleclric and anlirurroeleclrie pl~nrcr, a kind o f  Icr- 
r i r lec~r ic  phase war clearly dislittgaishcd i n  llte field response o f  l l lc cor~oacopic figule; the sllift o r  Ihe conowopc center 
pcrpcndiclllar to the applied Aeld and Ihc biaxial oplic plane parallcl l o  l l le Acld ntggerl a ltovel rnolfctllar oricnlalional 
structure. 

KEYWORDS: ferroelectric l iquid crystal, antiferroelectr~c, ferr~electr~c,  p e c t i c  lhquid crystal, conoscope, biax- 
iality 

4708 I'repnrntion of Ijicrystal in a Hi-Sr-Ca-Cu-O Superconduclor 
Japanese Journal of Applied Physics 
Vo1.29, No.1, Jan. 1990 
pp. L30-L32 

N a r u n k i  T o h l l  I A ,  Y u l a k a  TAKAIIASIII~ a n d  Y o i c h i  ISIIIDA 

I ~ , . ~ l i l ~ t l ~  <!I I,zrl!relrCI Scir,!cr. U,tivrr.viry o/ Tokyo. Tokyo 106 
l I ~ ~ ~ ~ ~ ~ r l ! ~ ~ ~ ! ~ ~  "1 I 7 ! c ~ ~ . ~ t 0 t #  Afocl!c!rcry Crrgitxccr#!f~, 

l'ol ulr j  O/ L'njiirrewitrji. Utr iwr~iry 01 Tokyo. Tokyo 113 

A 10011-l!ritl bicryrtnl war prcpnrrd hy sinlcrine. qinglc cryslnl shcetr o r  an 80 K Bi-Sr-Ca-Cu-0 supcrconduclor Re- 
s i r l i ~ ~ i l y  In?cn.erctncrnl sl~o\\,etl Ihnt l l le  I ranr~l io t t  tempelatore o f  the hicryslal agrced with lhnl  o f  the singlc cryslrl. 
Ilo\vr!er, n Isrge rl8ntilder was cnl,~ervcd ill llte ctnrrcol-voltn~e mearuremnenl suggcsling wcak coupling o f  tile grain 
bo~ t~adn~y .  

KEYWORDS: Bi-Sr-Ca-Cu-0 s l~pcrconductor ,  crit ical current. grain boundary, weak coupling, l w i s l  boundary, 
bicrystol 

4709 I'rel~aralion of YDn2Cu30, Thin Filrn by Flame Pyrolysis 
Japanese Journal of Applied Physics 
Vo139, No.1, Jan. 1990 M n k o l o  K ~ ~ ~ I ~ I I I ,  Y o s l i i k a z u  MAISIJUA. Eiji KINOSIIITA 

up. L33-L35 
a ~ t d  K a z ~ ~ t o  ~IIRAIIAYASIII 

- - 
Tlrc 1irr1,knn.o Clcclnr Co.. /.I$.. No .  6 l'na~oro-koiga,m&ri. Ichihoro. Cltiba 25'0 

YlIa,ClllO. Il l in lilrns were prcpnreJ by flalnne pyruly%ir Tlle X-my diITmrlion nnnlysiq s l~owrd  11lzt ns-prepared Rlntr 
I lad a slrollg 1,rcrerrcd orienlnlion rvltl! tile r-axis perpe~~dieslar l o  lhe fi lm plone. Film rcsirtivilics s l~owrd r sharp Irntwi- 
l io l l  a1 lempernlurcr bclow 90 K ,  Al ter  l l t r t ~na l  annealing i n  l l l c0 ,  almospl>cre. f i ln~ssl~owed zero rerislivily at nbout 90 
K. 

KEYWORDS: flame pyrolysis. YBa,Cu,O.. l i lm 

Japanese Journal ofApplied Physics St~pcrcor~d~~cling I'roperties of (Iji, Pb)2Sr2Ca~Cu~O, Thin Filrns 
VoI.29, No.1, Jan. 1990 
pp. L36-L39 f l i s n o  I l ~ i i o n ~ ' ,  K e i k i c h i  NAKAMUHA a n d  K e i i c h i  OGAWA 

N~~rin,!,tl Ilc~rcn,rh I , , ~ l i ~ v ~ r / o , r  Anklob. 1-2-1 Scrt#rt!. Ts~tsrrP~,bn, lhoroki 303 
'llo,r,i I < r~< .sn l ,  Lr,horolorir~. Sc~rr~iro,no Elcrrric / t ! $ z , . ~ ~ i ~ s ,  LTD . .  

1-1 Kra.okirn I-Cl!or,rr, Ilu,,li. I lyo#o 664 

1 lw  OYS~CII  po l c~ t l i t ~ l  o r  111iu lilrn5 eo~t \ i? l i~ag o r  !no~in~~lt:n?ic (l l i , I ' I > )~~~ ,C '~~C~I ,V ,  was c o ~ ~ ~ r o l l c d  by ar~ncallr~g lhcm 
undrr rnriour o\ygen pnt l i :~ l  Iprcuwr?. l llc Tc o f  (l l i , l'b),Sr,Ca,C11,0. war found l o  dcercarc tnoaolononsly \sill! 
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KEYWORDS: IBi, Pbl,Sr,Ca,Cu,O,, monophase, l i lm, oxygen concentration, resistivily. Hall cocll icient 

4711 P r c ~ a r : ~ l i o ~ ~  o f  S ~ ~ p c r c o ~ ~ e l ~ ~ c t i n p ,  Ili-Sr-Ca-Cu-0 Films wit11 
Japanese Journal of Applied Physics I'rcferrecl Or ie~~tat ion t l ~ r o u e l ~  a Metal Alkoxidc R o ~ ~ l e  
~ 0 1 2 9 ,  No.1, Jan. 1990 
pp. L40-L42 

Ik~/~o,Inlr,,r oJAp/~l,ed Cl!rrr!,nry. School oJEtl~il lreri lfp, 
Ntroya U,,rvrr$rr). I ~,roc/~n, Chikarak,,. Nugoyo 464.01 

S l~pe ra ,~nh~r l i ~~ ) :  I l i-SI -( :n-C't1-0 lhlll!r n c t r  ~prrp.!tnl I l>rot~pl l  :t ~l l r l : l l  ;xlh,xide route. 'l'ltr ssprrro~~docl isg !hit;hlnar 
cat,~pascd or lligll 7; a t ~ 1  Ion T, pl~:!\r- \\LIIB (001) p ~ c l r ~ r r d  oriclll:nlio~~ wcrr rurcrr~h8l ly  prcpared n l  RSO'C for 3Omin 
on MgO(lM)) viuglr-clyrlnl wtlxttnlc? by n <lil,-~onling ~n r l l l od  oriug parlially Ihydroly~cd z~lclsl alkoxide roluliottr will! 
2-dir11cll1ylamil,arll1n11~,l. I Ilc l l lgll 7; l l i ~ S r , C n ~ ~ ' ~ ! ~ O ,  plla.ic tvnr follnd l o  lorn1 from ll le ni,Sr,CuO, pllnsc Il lrouph ll lc 
I n a  Tc lli,Sr,CnC11:0, ~pll:nrc i t *  l l tc II~-SI-C~-CII-O ~ p l v o ~ .  I Ibr prrfrret~lially o ~ i e ~ ~ l a l n l  thin filnlr prrpored at RJO'C ex. 
Itibilcd llte rupcrcu~\dtncli~!g Ira!~sil iou will8 nu mlrcl o f  114 K nttd nu ol l?r l  or 65 Y .  

KEYWORDS: chemical processing, high T. su l~oconduc t i ng  oxides. Bi-Sr-Ca-Cu-0 syrlem. metal alkoxide 
routc, higlr T, and low T, phasrs 

4712 Magnclic 1 ' r o l ) c r l i c s  o f  40 K Class O x i c l c  S l~pcrconc l~~ctor  
Japanese Journal of Applied Physics (Gel, Cc).,(La, I la,  S r ) 4 C u o O l ~ . s  

Vo129, No.1, Jan. 1990 
pp. L43-L45 T n k a l t i r o  WAUA, T e t s t ~ y t l k i  KANI:KO, A t a r u  ICIIINOSE, 

Y u j i  YAI.GASIII. S u ~ i t i o  IKE(;AWA, l l i s a o  YAMAUCIII* 

a l i r l  S l l o j i  TANAKA 

Sr,~~rn-o,~b~clt~lr). RrrcnrrA I .nbm, lor~,  lalcn,nlior~nl . S ~ , ~ ~ r r c o ~ ~ d l l l y  Tcrlrrrolo~y Cettlpr, 
111-1.1 Shtno,,,~,t,c I-Chrr,rrc, Kolr,.K!r, 7 o A p  115 

'I Ilr ct~l,rtco~tdt~rli!ll: ~pcol,rtlir% c,l a 411 E <I;)\\ qtll>rr<oc,<lurl<,r. ((i<l,,.,,,Cr,, ,,,),(l.n,, ,,.I!;(,, ,,,Sr,, ,,,).C't1.0,~.. scrc ill- 
vvrlignlrd I,y l ~ n n r l ? t r ~ l  ancl on:tgi>rli,:~li<ltt IIIF.I<IIIC~I~CIII< 111~ IO~CI crilicnl liel<l. 1/.,(0), cr l i~ur led lronl llle 6rld 
drpr~?dc!lce 01 o ~ a g ~ ~ r l i r : ~ l i c ~ ~ ~  w;8r I10 O c ,  Aclc)l>l~r!p l l ~  HII1:C ll~illls 01 l l ~  ~ c ~ i l l i v c  ~~$p~r~o !?c l ! l c l i l l g  Ilol~sitl011 "1 1;'- i f 3  

8uagc1clic l i c l d~ ,  l ltc UI?I>CI critical 1'1cIcl , /l,,(ll), w:t$ c l c l u~~ t i !~cd  t o  l>c 72 7 'I l ' l ~  ~u~~c rcond tJc l i #~g  "talcrial l~nrn11lctcl5 
were dcrivcd !sing Il lrrc v;!ltrc\ lor 11,,(0) :11111 11,.(11)~ h , , ,  '126, ~,,,(0)=21 h. A,;,(0)=26RO h nlld ll,(0)=4.1 kOc. 

KEYWORDS: oxide supercoi~~luctor ,  rnagnctic prollcrty. superconrlucting materials parameter, coherence 
length, pcnetiatian dcplh. GL parilrncler 

4713 ESR A l ) s o r p l i o n  ill n I l igl l -P, Ili(P11)-Sr-Cs-CII-O S~~pcrco~~e luc to r  
Japanese Journal of Applied Physics 
Vo129, No.1, Jan. 1990 A k i l i i k u  NISIIII)A n l ~ d  K i t z t l r i ~ i  I~OI~AI 

1;SlC r~lnornlic>n :XI 22.0 (;I 17 o f  IIW ltipl~:/; ~>II:w C D ~  a l l i ( l ~ l ~ ) - S r - ~ ~ a - C ' t ~ - O  ccrantic ~ ~ ~ p c r c o r ~ d ~ ~ c l o r  Im been s!tdic<I 
under Iwo ~l i l lere!~ l  %l,rtlrnmclvr ~nncl<lcs: a L Y I I I \ C ~ > I ~ ( B T ~ ~ ~ ~  I ~ ~ l d - ~ l n ( > d ~ l a l i r > l ~  rl>odc and B direct r f l rc l ion-n~npl i ludr  ~nudc.  
Owing l o  l lw  cllccl a f  Iby.lcre\i$ in  l l lc n~,cronavc rr<pomr, llte 6clcl sto~lalnlinn did ~ o l  provide llne propcr field 
dcrivnlivc o r  IiSK a1,~orpliolr I ly cruploywg rlke d i r ~ c ~  IW~KIC. wc W C ~ C  able 10 ohlain nwre rcliohle dola IOV I ~ C  lentpera- 
Il lre drpcn~<lrllce o f  l l ~ e  q v; t l~~c,  l iurwidll! :lu<l int~gr.11 i ~ l l c ! ~ ~ i t y ,  l l te spill (115c~plihilily followed lbe Curie-Wciss 
bc l~ rv io r  will, l l le ~>cp:nlivc Weiw trrnprr;nltlrr 8101111c1 -.I E. 

KEYWORDS: III!III T, SLI~PICOIII~UCIO~. 01 ~YSIPIII. ESll absorptior~. hyste~esis. Inlegral inlensily. Curie-Weiss 

4714 S i ~ c - l ) c p e ~ ~ c l e n l  IRO S ~ ~ l ~ s l i t u t i o n  ill Y l l n 2 C 1 1 , 0 7  S t ~ ~ c l i c d  by Raman 
Japanese Journal of Applied Physics S c a t t c r i ~ ~ g  M e : ~ s ~ ~ r e ~ ~ i c ~ ~ t s  

Vo129, No.1, Jan. 1990 
pp. L50-L52 l < y r ~ s t ~ t e  N I S ~ ~ ~ A N I .  N i t o k i  YOFIIIIJA, Y o s l i i r o  ShFhKI,  

Y u i c l t i r o  NISIIINA, I l i ~ ( ~ s l t i  YOSIIII)A-KATAYA~IA~, Y u t a k a  OKAIIE' 
a l l d  T a k a c l ~ i  TAKAIIASIII~ 

'Tllc silc-dcpc~~dcltl r cp lacc~a~c~~ l  o l  '"0 wills "0 ill ~ l l n :~ 'a , ' ' ~O ,  ltns hccu ide~ll i l icd hy Kanian aal lcr ing mcaruremcnt5 
o l  dillerenl r i b rn t i n~~n l  moder in  l l lc Cu0,  : ~ r ~ l  1100 p I a ~ ~ ~ \  'I lhc I l i l ~na r~  shills 10 isolopc suh~l i lu t ion lor dillerenl 
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lllorlcr ia illerlllivnlclll uxygcl! pnqiliotn sl~o$v cl i l lurr~~l  Irlnpcralurc ~ P P F ~ ~ C I I C P ( .  Tlte aclivalion Energy or oxygen 
rcp lncc r~~c~~ l  in lllc IJnO pl:tne is Ikr?rer lltnn III:II if, l l a  C 1 1 0 ,  plnau. ' l l ~ c  rcsallv slww 1k;$1 l l ~ c  dcgrre o lvxygc l~  wh<!ila- 
l ion is s i lc-dcpc~~<lc~~l .  

KEYWORDS: Rnrnan scallcring, supvrconducling oxide, YBa,Cu,O,, isotope ellect. phbnan, tite~relcctive 
subslilulion 

4716 
Japanese Journal of Applied Physics 
Vo129, No.1, Jan. 1990 
pp. L57-L59 

lliclvclcl lleli~~crllc~lt or t l~e  Structure of  TISr2CaCu207 
1 1 ~ 1  X-llay I'ondcr Dillraction Dntn 

T o s l l i y a  I lo~ .  Katqu l l i sa  USALII a n d  T o ~ n o i c l i i  KAMO 

Singlc planrr 'llSr,C;uC!1:0, a:nr yyt~lltcri,ed, nud IItc cryrlnl rlltlclttre !mr rdned  Iroln X-rey powder dilrmdioll dola 
using I l ic~veld nt~;!lg5i. 1 Ihr P I L ~ ~ U I U ~ C  lln, ~ i ~ ~ g l e ' l l - O  sl!cclr rind Irlragonal symtnrlry In=3.7859 A, r= 12.104 At ail11 
s p n c ~  8 r ~ ~ ~ ~ ?  /'4/,rrn,t,,,, :,,,,I is fiwi1:tr 1 0  .I III:I,C~C~I~O, n t ~ l  'I l,,41'h,,~sr2cactr,<>, (I212 type). I'o%>iblc - t#h%~i~ut int i  or 
ah0111 IA'X, or Cn-ritr- % v ~ l t  I I i u l ~ r  wnr $ ~ ~ p ~ c r t c d .  

KEYWORDS: TI-Sr-Ca-Cu-0 syslcm. supcrconduclor, crystal struclure. X-ray dillraction. Rictveld relincmenl. 

TISr,CaCu,O, 

4717 I'rel~:~r:~tio~l o f  S i n ~ l e  I'l~asc (llio.~l'l~o.2)2Sr2Cn2C~30~~ 
Japanese Journal ofApplied Physics I;iI~ns wit11 I'refere~~ti:~l Oricl~t:~tiol~ of C-Axis by 1,ascr Ablation Mctl~otl 
Vold9, No.1, Jan. 1990 

A~IIIIC~ A. A. Y o u s s c ~ . ,  T a k e r h i  PUKALII, T a k a s l l i  YALIAMOTO 
pp. L60-L63 

a n d  S l lo i c l l i  MASK 

Ily n lnrcr :ablalion~ ~n~ell!acl !using nn Ar-I' cxrinnrr pulsed larer. (lli,,Pb.,),Sr,CntCu,O. (H-IISCC) film5 llnrc bccll 
prc1,nrcd in ai~no\! % i ~ ) ~ l c  lplta\c ou LIgO(l~n1) sub~lr:>lc\. A%.dcpn~ilc~l hlnv on ~ t ~ l ~ ~ ~ ~ ~ l c s  a1 roo111 l c t ~ ~ p c r n l ~ ~ r ~ ~ ~ l i ~ l  t>nI 
sllc>w tally d i l l ~ : ~ c I ~ o n  ~ c a L \  01 X Iny potvtlcr analyris A\-deporilctl filnlr scre t r ra~rd  Illcrmnlly and ll lcoplil l l l l l l l colldi- 
l i u ~ n  lo  olr~:tin II-11SCC filmr in sltnoql 5illcle plmw acre ronhrnlrd. E~setll irl cotldiliosr werc lhe ~rmpcrnlurc jurl 
bclow lltc alrl l ing prrinl or 11-IISCC, and Ihmling lor s prolonged durnliou logell~cr will, a bulk sample or l l lc  mtnccoln- 
por i t~an ac Ilia1 or llle lalgcl. 

KEYWORDS: ~Oi,8Pl~,,I,Sr,Ca,Cu,0,. laser ablalion. single.phase film, tlrermal treatment 

- 
Japanese Journal of Applied Physics Melt-Q~~el~cl~ccl Glass I'rcforms 
Vo129, No.1, Jan. 1990 
pp. W L 6 6  Masns l l i  ONISIII, T a k a s l i i  K0llc;o. Y o s l l i t i  CI I I~;~SA. 

K a z u o  WATANAIIE, M i c l ~ i l ~ i s a  K l ' o ~ o  ant1 Mi11ol.u WKIANAIII: 

Ili-f'h-Sr-Cin-C1#-0 glass libcrs were drawn Ilr,ln ~twl l -qtrut~cl~e~l  gl;lr\ I>IC~'<III>I( Ihy 1111. n ~ c ~ l ~ ~ ~ d  111.11 i* c>rdimilrily itp- 
pllcd lo  uplicul ltber Iabricnlion. 1 1 ~  dr:twu hhcr\ \h,elr. very Ilexihlu, iwd llwir <IuI~~cL.\ \IC~C s~~ouII~.  .lIw glins fihers 
wcrc cry,lallired by annealing and l>;td rt~purcottduulillb:ig prol>e~lic\ l l l r  n,~~tc;nlcd ( I I l 1 K .  240bour) 
Ili, ,I'b,,,Sr,Cs,Cu,O, hbcr cxl~lbitcd rapcrconduct~v~ly with u 7:(,eto) or 68 I; iind .I crilic.11 FIIIICIII tlcn\ity ( I l l  K. rcro 
~uagnelic hcld) or 22 A/c#nl. 

KEYWORDS: high-To superconductor. Bi-Pb-Sr-Ca-Cu-0 system, melt-quenching method, superconducting 
f~ber 

4719 
Japanese Journal of Applied Physics 
Vo129, No.1, Jan. 1990 
pp. L67-L69 

A Simple Mctl~od of I;al~ricating I'rel'ercl~ti:~lly Orientccl 
Ylla2Cu307-, I'i lrl~ on Silver Sul~slrotes 

M i l s u r u  S u z n i c ~ .  S l ~ i l ~ j i  KONIIOII, Eiji YANACIISA\VA. 

J u n - i c l ~ i  SIIIMOYALIA, N n o s l ~ i  IHISAWA a n d  'Pakcs l~ i  M o ~ t ~ h l o r o  

I'orous Ylla,Cu,O,.. filltl stuck 10 it Ilcxii~lc silver st~l~~lr ; t lc  wus ciltily L~b~~cinlccl by ,118lering doclor-bladciasl 
green shccl o f  Ylk,Cu,O,.. placcd on 111c silver rtlbslr;cte. I'erll~crnlore. ~prr.lc~enli;~llg orieslcd tleoru YII;I,C~,O,., nlnl 
war a lw  Iilbricaled by adopting a copper pl;tletl silver ,~lI~*lr;!lc and II~CII rinlercd bclow lllc 111clli81g ICIIIPP~~IU~C 01 
~ i l v r r .  A por%ible n~ech;tnir~r~ for lltc ;!ppeitr;tncc or llle ptelr.resli:tlly on ir.l~lu<l <let!\e YII;I,C'II,O, . i r  clt\c!t\sctl bitrcd 011 

line licloid-pl8;tre sinlerinng in  lltc Yllin,Ce,O, ,-CunO-Ag ysleln. 

KEYWORDS: superconducting tape, grocn sheet. doctor blade, c-axis orlontatlon, dillerential Ihermal analysis 
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4720 Oxvren Control in I~~,S~,C;IICIIIO, S u o c r c o ~ ~ r l u c l i ~ ~ ~  T l ~ i ~ l  I:il~lls - "  - - . - .. . 
Japanese Journal of Applied Physics by Activnled Oxygcns 
Vo1.29, No.1, Jan. 1990 
pp. L70-L72 Kou TAKEUCIII. M n s i t s l l i  KAWASAKI. M ; t ~ n o r u  Y o s ~ l t h ~ o r o ,  

Y a s u t o s l l i  S ~ n o  a n d  b l i d u o ~ ~ t i  KOINUMA 

R'~scanl# l.uboratr,ry of II,,gittc,erirr# Alnlrnoh. 
Tokyo l ~ t s l t l t ~ l ~  o/ 7 " ~ ~ I ~ r ~ ~ ~ l ~ ~ g y .  N~~X,,I~~IIU 4259, Al,d<,ri-A,e, l',d.oI~w,,<, 227 

Aclivnled oxygcnr were gellcralcd by various rneihodv lo comp&!rc tllelr ellccl on l l le uot>lrol u l  oxygcnl ,loiclliontrlry 
it, III,S~,C~,CII,O, n~pcrconducling tlnin fil~ntr. l l l u  I ~ C ~ ~ I ~ ~ L . I I I  " l a  filln \VIII( a18 cmxyg~l> plixw,:t or I I / U ~ C  ill 4W"C ~ C C ~ C P I -  

ed l lw Tc onret o l t hc  fi lm by ar tnucll nr 20 K I'rorn l ~ n ~ r c o ~ u d  ll lm or i t w;tr 11) l l tc c;su u l  Itlln trealrnenl in  ntli~ospherie ox- 
ygen under UV lighl irradiation On the olhcr ll;nnd, ltltnr expo,cd tu UV light irr:tdtnl~on in the Iprewnacc o r  N:O (40U 
I w r J  il~crcased l lwi r  'T, o ~ ~ s c l  l o  l(K1 K by al~o!tl 211 K I IIC%C I., ch:nngc\ t t c c ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ i ~ ~ l  l l ~ c ~ l ~ ; ~ ~ ~ g c  in, IIW< :a~i, ht t l lceco~~.  
>1;1nt ' lhc I;lllice o l l l t e  spccit!tcns will! 7; onscl 01 60 K w:n ,n~~;!ller 1111111 111,11 01 ll lc I~~ I I I~ . I IC~  111111). !\11111. lltc &PL.E~IBBCIIS 

will, 7. onret o f  about I(K) K had a rlrctched r- la l l~c~. .  ' l lmr,  llle oxygen conlenl or Inole cuncc~ t l r i ~ l i o !~  i n  IlilSr,Cn,Cu,O, 
lilrns c:111 be conlrollcd at ;a relalivcly low lentpernlttrc : t~\d its L.I~CI is ~CIICCIC~I I. llle ~ll:11?6~$ LII 1:)ltice r-onsti~~lt asd T,. 

KEYWORDS: superconducling film. Bi-Sr-Ca-Cu-0. oxygcn control, aclivated oxygcn, N,O 
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80 K Sr~perconcluctivily i l l  IIi-Sr-Cu-O Thin Films 

I l i c l c n k i  AI)ACIII, YO I(.IIIKAWA, K u l n i k o  IIIHOCIII. 
. l ' o t ~ l o a k i  MA~SIISIII~IA, K e t t t n r o  S ~ n s u ~ c  a n d  K i y o l a k a  WASA 

I l i p l ~ - T <  s~~pcrmc~<lucl lv i ty  n n r  KOK llnr h re t~  oblainrd i n  Il i-Sr-Cu-0 I l l in  films. Films wcrc prcparcd bv r l -  
magllrlron <l,ltltvrillg ,,ul<r Ihcnlcd hlpO s i~b r~ rn te r  and IIC~I-lrcalcd. 11 wa5 loilt>d 11181 lhe Di-bawd crystal ?tr,ncttlre \% i l l 1  

s c-ay15 Icl,glh ol3.12 ntt! rn. l ~ ~ ~ l l ~ c d  ill IIIIII lil!ll. '1 11;. 618~1 cx l~ i l > i~ed  llle 7 ~ 1 > ~ r ~ 0 l l d ~ ~ l i l l g  tlansilion will> IIIC OI(<CI ICIII- 
pctnturc ~ r l  ;1h<n11 KO K .  'I lhe p l c \e~ l l  v~l~errottdtnc~inp. phnw ill 11,e Ili-Sr-CII-0 sy%lcn~ i q  considered l o  be Ihe iqoslruc- 
!arc will! I l l?  ro~ l v r l l l i o t~a l  H0 K lli,S1,(':1C11~0, (2-21-2)  plla5c. 

KEYWORDS: oxirlr supcrcan~luctnr, high-T, Bi-Sr-Cu-0, t h ~ n  Illm, sputtering 

4738 Growtll Kinetics of Microscol~ic Silicon Ilocls Grown on Silicon Substrates 
Japanese JournalofA~~lied Physics 11y t ~ ~ e  Pyrolytic ~aser-~nducct~  ~ l ~ c t n i c a ~  Vapor I)epositioll IBrocess 
Vo1.29, No.1, Jan. 1990 
pp. L129-L132 Se II PARK a n d  S i t t ~ g  SOO LL-I: 

Uy using a cw Ar '  ion laser bcam. xnicro,copic c!ys~al l i~ tc rilicon rotlr = 10'ps, in  tli;ia?eter ;tnd = 10'11111 i n  h r i l h t  
have bcen grown on a silicon subrtrale by pyroly!~cd,a\oci:~!iol~ ~ ~ I S i l l , . l l t e  l i l r m l ~ c ~  oi la l r rn l  gtonlln o l  Iheril icon rods 
is derived frofn lhe time inlegrnlion o l l l l e  Arrhenlos equation "rille a rcil~on.~ble i ~ ~ \ t ~ ~ ~ ~ p l i u n  l l ln l  l h r  le!r>pcraturr on 111c 
edge o l  thc delrosil raturulcr ir,verrcly l o  l l le substrate len>peralurc will) ~llu!nlr>sllun Itttlc. I'or l lw  axial growth. cx- 
eluding lhe inil ial lranrienl growth, l l lc ,alne r rs l~ l t  as Il;tue!le n n ~ l  lhir coll.!bor;blc,r\ i, derivcrl. l l w  inflocnccr a l  laser 
power and !llurninalion timc on I l lc depu,ltcd d~; twc~er and Ihr.igl\l :trc lotlttd expulitncr>t:nIly, iwt l  i~ is round ~ h n t  ~ l l c  
clcrivrd l l lcory agrcer well with tllc expu r~~ l~cn~~ : t l  rcrullr. 

KEYWORDS: pyroly l ic  LCVD, g rowth  kinetics. n l icroscop~c slltcan racls, lateral growth. axial growth, time 
dependence of temperature 

4739 
Japanese Journal of Applied Physics 
Vo1.29, No.1, Jan. 1990 
pp. L133-L136 

Preparation of l ' l ) ( Z 1 1 , ~ . ~ ~ 1 ' i ~ ~ . ~ ~ ) O ~  liilllls by I.:~ser Ablalion 

S l t i g e r u  O~sullo', T o s l t i l t i r o  MACIIA. T o s l t i l l a l . ~ ~  MINAMIKA\VA~. 

Y a s u t o  Y o ~ r z n w ~ ' .  A k i l l a r l ~  MOI~IMOIO a n d  Tats110 SIIIMIZU 

I'b(Zr,,,Ti.,,)O, filnls were prcp;trrd on an r-plane sapphtrc rulrsl~ale by laser nll laliot~ ubitlg lhc A r F  excimcr laser. 
This i b  lhc firs1 reporl on tile prcparillian o l  I'b(Zo,,'li,,..)O, I $ l~ns  by Itnvr nb la t tu~~  'The c o m p o s ~ l i o ~ ~  a1 llxc dcporitcd 
films was round to  be rairly close l o  l l ~ ~ c o ~ n p o r i t i o n  o l t l l e  latgct ~n;tlctinl for n wide rimge o l t l l e  subrlrslr tc~i ipcra l~~re.  
400-750°C. The rubrlratc temperature prcally inlh~cncer the cryrl;tl rtruct81re; a low nlbrcrale lc!lnpcralurc prodllccs a 
pyrochlorc phase and a l l lgh rubrlrnte Icnlpcralure t750°C) n pcruvrkite pl!orr. 

KEYWORDS: PblZr,.,Ti.lO, thin lilm, laser ablation, n o  doviation 01 compos~ t~on ,  pyrachlore, perovskite. XRD, 
EPMA. SEM 
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A carbon elccLrodc acLivaLed by  llnOl caLalysL was developed as Lhe c h l o r i n e  

elccLrode or Lhe z inc -ch lo r ine  baLLery l o r  energy sLoragc. l'hc ch lo r ine  

elccLrode was obtained by d ipp ing  Lhc carbon subsLraLe i n  ILIICII.IIII~O soluLion 

and py ro lyz ing  i l  i n  a i r .  I:ra* !.he k i n e l i c  ana lys is  or Lhcrmo~ravimeLric (1G) 

resu l t s .  Lhe opl'iuu. burning cond i l i ons ,  such as decoal~osing Lime and Lempc- 

raLure, were dclermined. The p o l a r i r a L i a n  lcsLs or a c h l o r i n c  c l e c l r o d r  rcacLion 

011 t h i s  elecLro$c rcvealcd LII.BL lhe  ovcrpolvnl . i ;~ l  i s  sm.~I l  nrll on ly  ,MI charge 

BIIL also on discharge ;IL .B low chlul- inu conccnLral ion. Fur-Lhw, c.harge-discharge 

c y c l i n g  LcsLs o r  a small s ~ z c  s i n g l e  c u l l  vrovatl LBc vell.rxc e l l i c i e l ~ c y  o f  88% 

a!. a c u r r e n l  dens i l y  o r  al8ul1L jO*~ci' and Lhe pel-rormi~~~ca u l  Ihc. r h l o r i n c  

c lec l rode  Lurned otlL c~uiLe c l l i c i e n l  

P r e p a r a t i o n  o f  S i l i c a  F i b e r s  f r o m  S o d i u m  S i l i c a t e  S o l u t i o n  

A k i o  TADA,* H i r o m i  YAGINUMA, H i d e n o b u  ITOH,  

T a m o t u  IIIROTA, *+ a n d  ~ o s h i y u k i  MAEDA+ 

D e p a r t m e n t  o f  E n v i r o n m e n t a l  E n g i n e e r i n g ,  K i t a m i  I n s t i t u t e  

o f  T e c h n o l o g y ,  K i t a m i  090 

t R e s e a r c h  6 D e v e l o p m e n t  C e n t e r ,  O s a k a  G a s  Co. L t d . ,  

K o n o h a n a - k u ,  O s a k a  5 5 4  

S i l i c a  f i b e r s  w e r e  p r e p a r e d  f r o m  s o d i u m  s i l i c a t e  s o l u t i o n .  

A s p i n n a b l e  s o l  w a s  o b t a i n e d  b y  t h e  r e a c t i o n  o f  a s o d i u m  s i l i c a t e  

s o l u t i o n  w i t h  e t h y l  a c e t a t e ,  a n d  g e l  f i b e r s  o b t a i n e d  b y  d r y  s p i n n i n g  

o f  t h i s  s o l  w e r e  c o n v e r t e d  t o  s i l i c a  f i b e r s  b y  t r e a t i n g  i n  a n  a c i d  

b a t h  f o l l o w e d  b y  d r y i n g  a t  100  OC a n d  h e a t i n g . a t  600 O C .  

A p p l i c a t i o n  of I I y d r o u s  Z i r c o n i u m  O x i d e  l o  C a t a l y s t  

I l a j i m o  MA'I.SIISIII~I.A. M n k o l o S l l l l l ~ t i h i ~ ~ .  n r ~ d  I<yokoTn l~ , \ l l ns r l l  

L i re  Scict~ce Rese~irch Lnboralory,  Jupult l'obncco. Inc. 

(6-2 Umeguoka. M idor i - ko .  Yokoh:~ma-shl, f 221) 

Zirconium oxidc is slnlrlc and has llccn rn rc ly  usctl us n ~ n n l e r i n l  l o r  calnlysl  except l o r  a 

cn r r i c r .  Rcccnl ly,  some h i g h  c r~ ln ly l l c  sclivities or Lhe hydrous z!rconium oxide have been round. 

I1 cnlulyres esteril icnlion, amsdntion, n n d  occlnlyzi~lnon. I t  olso enlnlyres n reduclion of car-  

boxyl ic acids Lo nldchydcs wtth l~y r l rogcn  gos. I(cloncs, alrlehyrlcs, c i ~ r b o r y l i c  acids, eslers, and 

r l i t r i lcs nre r cnd i l y  rcdn~ccrl l o  L I ~ ~ * c o r r c s r ~ o n ~ l i t ~ g  nlcol>ols w l lh  2-~,rop:irwl. I t  is  wor lhy o f  remnrk 

bccu~sse i t  irnplics nn c r l o n s i ~ ~ l  or 1110 so-cnlled lulccrwci~t-l'unn<lorl-VerIey rcduclion. The sur- 

face sctdi ly or the oxide 1s rvcok nnd l l le rcncl ion 1s applicable to nc~d-sensilivc compounds. 

I n c l u s i v e  R e a c t i o n s  by S w e l l a b l e  C l a y  ~ i n e r a l s .  I 
inclusion o f  N o n i o n i c  S u r f n c l n n l s  b y  Sodiulll-Mo~~lmolliro~iiLc a n d  I t s  G e l n l i o n  i n  O i l  

M ich ih i ro  Y A M A ~ U ~ I I I  

A n  o i l  gcl  wns formed i n  o tcrnury system or so(ln~rn-~nonlolnollironite (Nn-Mon),  non- 

ianlc sur lnctant ( S A A )  nnd otl. For ln :# t~on  or lhc  0 8 1  go1 wits c;nlsr<l b y  ln rmnt ion  a l  a n  inclusion 

compound lunclimning as an SAAINn-h lun  b inary  syslern. 'Pllr S. \A I>uving about 8 for  an RLB 

value was easily taken i n  Iry l l ~ e  intcrlii).er (sil ic:~tc Inyc r )  of N n  -hlol l .  F r o m  X - r a y  d i l l rac l ion  

rncnsuremcnt, bosul spncirbgs 01 Nn-Mot) incre;lscd w l lh  111s n m o l ~ n l  or S A A .  'The bnsnl  spac- 

ings or inclusion compounds wcrc consk t~ t l  111 ~ I I I  S A A / N t i - h l a ~ l  \veiglal ru l i o  o f  111. lttclusion 

compound lo rma l lon  was cornplcled when Lltc ndsorpl ion a l  S A A  i n  t l x  ~ n l c r l n y e r  o f  Nn-Mon 

wus snlurnlcd will, a m o n o ~ n o l e c ~ ~ l s r  I ;~yc r  a1 81 111 wcigl l t  ra l io.  

The inclusion colnpoond srvelle~l or! ndrlit~l; a n  o i l  sucl! :ts l iqt l id l l i l r ~ l l ~ n  (LP). w i l h  subse. 
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qucnl lormntion of tltc oil gcl. X-my rlillruclion indicntcrl t.egulnv diffrncliotl peaks in lhe slnble 

and rigid oil gels. Tlw s11.uclttt.e of the swollen compotlrtd wits lu~nellrtr wilh bnsnl spncing rang- 

ing from 50-60 A .  This interlnyer swelling occurred wilh the inclusion of about 26 wl# of LP in 

Lhe inlerlayer of the inclusion compound (SAAlNn-Mon). 

Inclusive R e a c t i o n s  b y  S w c l l a b l c  C l a y  M i n e r a l s .  11 

Inclusion of Nonionic Sur lac lants  by  01.ganophylic-Mot~tmolIironite 
a n d  I t s  Gelation in Oil 

Michihiro YAMAGUCIII  

Shiseido Basic Rescnrch I .n l~ot~aln~~~cs  

(1050. Nippit-cllo. I(ohoku--kt!, Yokoltnntn-slti. 7223) 

An organophilie-monlmollironitc (Or-Mon) was prepared by n cnlion-exchange reaction 

between sodium-montmollironiIc (Nit-Mon) nnd diocladscyld~mcll~ylnm~noni~~m chloride 
(DODAC). Tltc cnlion exchnngo omoll~ll of DO-DAC in L I ~ C  Or-MOII W ~ S  80 ntcqllOO g-Ns- 
Mon. This corrcspontls to tho coliorl crcltn~!gc mn1,t)city (CI<C) or Nu -Moll. Tltc bnral spncing 01 
tho Or-Mon wns 2G.75 A ,  wl~icla eotal<l Ibe cxplutn~cd by t l~c  lu l - rn~~l~on ol n singlc lnyar coml>lox 

walll Lhc nlkyl chain lying pttrollcl to tlte stlicnla surfr!co 01 Na-blor,. 

The Or-Mon easily ndsorbcd n nonionic sur l i lc ln~~l  (SAA) wilh nn 111.B value 01 about 8. 

Tha inclusion rnlto of SAA lo Or-Man wns 0.211.0 in wciglll, nnd lhc inclusion compourtd 
(SAAlOr-Mon) had 36.18 A lor the bnsiil S I I I I C ~ ~ ~  indtc~llng monolnyer ndsorplion 01 DODAC 

inlo tho s~licnle layer 01 the Na-Mon inlcrlneo. SAAlOr-Mon swelled in on oil such as liquid 
parollin, rcsolt~ng in the lorrnnlio,n or n gel. 'Shc swclling 01 SAAlOr-Mon rnay possibly have 

been induced by onlrnnce of lhc oil inlo llte ir~lcrlnyar 01 Lhe SAAlOr-Mon. 

I o n i c  C o n d u c t i v i t y  o r  L i T i 2 ( P O q ) 3  M i x e d  w i t h  L i t h i u m  S a l t s  

H i r o m i c h i  AONO, E i s u k e  SUGIMOTO. Y o s h i h i k o  SADAOKA! 

N o b u h i t o  IMANAKA, " a n d  G i n - y a  ADACHI*" 

D e p a r t m e n t  oE I n d u s t r i a l  C h e m i s t r y ,  N i i h a m a  N a t i o n a l  C o l l e g e  o f  

Technology, Yagumo-cho 7 - 1 ,  N i i h a m a ,  Ehime 7 9 2  

' D e p a r t m e n t  oE l n d u s t r i a l  C h e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g .  

Ehimc U n i v e r s i L y .  U u n k y o - c h o  3 .  M a t s u y a m a .  Ehime 790 

" ~ e ~ a r t m c n t  oE A p p l i e d  C l l e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g .  O s a k a  

U n i v e r s i t y ,  Yamadaoka 2 - 1 ,  S u i t a ,  O s a k a  565 

I . i T i 2 ( P 0 4 ) 3 - l  i t h i u m  s a l t  s y s t e m s  h a v e  b e e n  i n v e s t i g a t e d  i n  

o r d e r  t o  o b t a i n  a h i g h  l i t h i u m  i o n  c o n d u c t o r .  T h e  s a l t s  a c t e d  a s  

b i n d e r  f o r  s i n t e r i n g .  The p o r o s i t y  d e c r e a s e d  c o n s i d e r a b l y  a n d  t h e  

c o n d u c t i v i t y  o f  t h e  p e l l e t s  i n c r e a s e d  b y  t h e  b i n d e r  u t i l i z a t i o n .  

T h e  maximum c o n d u c t i v i t y  w a s  3 x 1 0 - ~  S . c m "  f o r  t h e  L i T i 2 ( P 0 4 ) 3  - 

0.2Li3DOj s y s t e m .  T h e  m i x e d  b i n d e r  w a s  f o u n d  t o  e x i s t  a s  a g l a s s y  

o r  a t h i n  c o a t i n g  s e c o n d  p h a s e .  

L i q u i d  P h a s e  C a r b o n y l a t i o n  w i t h  S o l i d  C a t a l y s t .  

C a r b o x y  M e t h y l a t i o n  o f  D i h a l o  M e t h a n e  

w i t h  G r o u p  V I I I  M e t a l s  S u p p o r t e d  o n . A c t i v e  C a r b o n  

H i r o s h i  YAGITA, H i r o y u k i  KUWAHARA, K o h j i  OMATA, a n d  K a o r u  FUJIMOTO 

D e p a r t m e n t  o f  S y n t h e t i c  C h e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g ,  

T h e  U n i v e r s i t y  o f  T o k y o ,  

Hongo 7-3-1, Bunkyo-ku,  T o k y o  113 
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It was found that cobalt supported on active carbon showed an 

excellent catalytic activity for the carbonylation of dibromo 

methane in the liquid phase. For example, when the reaction was 

conducted under the conditions of 140 OC, P(CO1-31 atm, the yields 

of dimethyl malonate and bromomethyl acetate were 34.4% and 

22.2%, respectively. Pd and Rh also showed catalytic activities. 

p-Methoxybenzyl as a New N3-Imide Protecting Group of 5-Fluorouridine and 

Its Application to the Synthesis of 5'-0-Acryloyl-5-fluorouridinel) 

Takahiko AKIYAMA, Masahiro KUMEGAWA, Yasuhiro TAKESUE, 

Hiroyuki NISHIMOTO, and Shoichiro OZAKI^ 

Department of Resources Chemistry, Faculty of Engineering. 

Ehime University, Matsuyama, Ehime 790 

5'-0-Acryloyl-5-Eluorouridine was prepared by use of p- 

methoxybenzyl IPMBI group as a new ~'-imide protecting group of 5. 

fluorouridine. A chemoselective method for protection has been 

developed by use of ethyldiisopropylamine as a base and 
deprotection was effected by AlC13-anisole system. 

An Improved Coprecipitation Method for Preparation 

of Superconducting Bi,Pb-Sr-Ca-Cu-0 Material 

Ilidenobu ITOII,* Kazuhiro OKADA, Tatsuya FUJISAWA, 

Noriyasu OKAZAKI, and ~ k i o  TADA' 

Department of Environmental Engineering, Kitami Institute 

of Technology, Kitami 090 

Superconducting Bi,Pb-Sr-Ca-Cu-0 material has been prepared by 

an improved coprecipitation method; mixed metal oxalates as the 

precursor were precipitated from a homogeneous acetic acid'solution 

of the constituent metal acetates and dimethyl oxalate. This method 

permits easier fabrication of the superconducting material which is 

almost free from low-Tc phase. 

A MGssbauer Study on Behaviors of Tin Deposited on the a-Fe203 Surface 

* 
Sumio ICHIBA, Hiroyuki OSHITA, and Hiroshi SAKAI 

Department of Chemistry, Faculty of Science, lliroshima University, 

Higashisenda-machi, Naka-ku, Iiiroshima 730 

The doping process of metallic tin into the a-Fe20j crystal 

lattice was studied by using l19sn Mdssbauer spectroscopy. The 

spectra of the heat-treated samples at 300 'C for 10 h show the 

existence of Sn203, remaining 8-Sn. and a=-Sn. The a?-Sn species 

is characteristic with the unusually large value of the isomer 

shift (I.S.=4.5 t 0.2 mm s-I). 
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Correlation between Gas Sensitivity and Crystallite Size 

in Porous Sn02-Based Sensors 

Chaonan XU, Jun TAMAKI, Norio MIURA, and Noboru YAMAZOE* 

Department of Materials Science and Technology, Graduate School of 

Engineering Sciences, Kyushu University, Kasuya, Fukuoka 816 

The gas sensing properties of Sn02-based sensors in which the 

size of Sn02 crystallites was controlled by various dopants were 

investigated. It was found that the gas sensitivity to H2, CO or 

i - ~ ~ l l ~ ~  increased as the SnOZ crystallite size decreased in the 

range below 10 nm. Quite high gas sensitivity was achieved at a 

crystallite size of ca. 5 nm. 

Joining of cerazuics l o  a l u n i i i > u i ~ ~  u s i n g  A l  - M g  

and A I - S i  a l l oys  as fus ib le  insert* 

Scijiro M A K I "  and Mi t r ro NAKAMURA"  

Joining ofnlurninum (A1 100) r tn l  four kinds ofccramicr. Si,N,, Sic.  AlrO, ;mcl I'S %rO1 (~rarriully stabilized), wrsat- 

tempted by using AI-ME and AI-Si vlloyz a, ins~lnle inrest. 1:llcrt. o f i ~ ~ s e r t  cornlroritior> and joining paramctcrr. such nr 

temperalure, time, prcrrttrc, cwl ing rate nncl amount ofinsert, on thc I,uncl rlrcngth wcrc investigated Thc rcsulu ob- 

tained arc ar fullowr: ( I )  Both uluminunt alloys wotkcd rac~crsfully on thc jolnial. and relalivcly high bond strcngth 

was obtaincd at lhc colnporitiunr, 5-20 wt9;Mg rncl 5 10 w!%Si. (2) Juining u~ tes~pernlurcr bclow 87il Kusing the 

AI-Mg alloy insert, howcvcr, gave rlrc to ltigla 11~crns;d urerr, wl~lc l l  clccrearcd h e  bond sfrengrhr o f  AlrOl snd S i c  

rcnlarkably. (3)  A use ofAl-Si alloy inrcrt cart bc rr.~unlrncncled wl l rn lhcrlnal strcxs bcconler r rcrious problcrn. 0)  
AI- I0 w&Mg alloy can br rc~ornmcnde~l  IS noitnhle mrcr! for Si,N, and SIC, rncl A l  5 wt?;Si alluy fur 1's-Zr01 and 

AI,O,. (5) The followisg ,nc;l~urcr are C ~ C ~ ~ V C  to ,ccluce the ~ h c ~ s ~ a l  slrcsr in  osr of lhc A I - M g  alloy inrcrl: i) l o  

~nanirnizc the amount a f ~ h c  inrcn, nil l o  incleasc joining tonpcmubre ao<l/or tituc, ilud i i l) 10 decrcase thc rate or cool- 

 in^ .tiwr j o i r t i u~ .  

Keyrordn:  joining, ceramicr, inserl, aluminum> all<,ys, rcaclivc elcntent 

Mt:chanir : i l  ~~ro[~cr~irs o r  a l u m i n a  s l l o r t  fiber rcinlorced M g N d  a l l oys  

Hnrumichi HINO', Mikiya KOMKI 'SU'  

and Hirotnro MORI "  

In orrlcr tu irnprovl: ~ h c  l,qh ~crnpcraturc propcrticr of an alumina short fihcr reinforced rnsgncsiurn alloy lor 

nutonlotive componcn~ application, m alumina short fibcr rclnforced M g N d  alloy, rcrcrrcd here lo FRMg, has becn 

developed by squcerc cart ill^. .l'llr relation be~wvcn its pmpertirr and metallurgical wucture has bccn cramincd with 

the following cxprrimronal rc.ultr. ( I )  l'hc high tcrnperattnrc ~ l r rng t l t  o f  F R M g  with a sound rnetdlucgical rlructure is 

stlpcrior to thnt of the matrix (2) MgvSi pmcipita~e produced by she reaction betwccn Ihc molten rnagncsium mclal 

ant1 silica birder in  thc l ihrr  prrform is ~ , ~ ~ r ~ ~ ~ ~ t i . l l ~  present i n  thc arca whcre the molten magnesium m a r l  finally in- 

filtrates. ( 3 )  111 the rlcfornl;hiun or l l l M g  con~aining Mg,Si precipiratcs, 1he.fracturc ofMg,Si prccipilates in contact 

with the f i lw  is ol,rcrvcrl the lhrevily ~ l ~ f o r m e d  ~na!rix. (4 )  Thc prol,crtics o i  F R M g  containing Mg,Si prccipilales 

~c-;ltter rrr~ni<lcral~ly, will, nrmr ~,it lxenl bring lllrcrior lo  lhose O ~ I ~ , C  mntrix. Exatninalion o f ~ h e  madlurgical rtrurlurc 

rev~.~l r ,  i n  tl lr I ' IIMg n,~~t;n~ning Mg,Si l,recipitr~e5, 11la1 MgrSi rmcturcs a1 the hc~ inn ing  stage orplastk dcforrnation 

hecaarrc r r f t l#r  rlrrr, ronrrr,,r;~rirn~ i,~,l,,~nl .I lhe llnecillitate/matrix intcrfacc m d  rhst this degrrcles lhc pmpcrtitr of 

I 'RMg. 

Kcywnrd.. fi1,rr r r i n b r r n l  nlrtllrvillln nlloy, rcarliun products, rilicn Irincler, rtrets concentration, iracture 
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DAILY RECORD a 
*The joint academic-industrial research 
group s p u m e d  by the and the 
Ministry of Education's High-Energy 
Physical Research Laboratory have devel- 
oped a diffraction grating for heat-resis- 
tant optical devices which is capable of 
producing spectra from radiation 1M) to 
1OOO times stronger than an ordinary SOR. 
The Sic substrate is coated with an Au 
film, which is provided with very fme 
grooves. 

'The Saence and Technology Agency's 
National Institute for Research in Inor- 
ganic Materials has developed, jointly with 
Shinagawa Refractories, partially stabilized 
a-Sialon ceramic material of high-tempera- 
ture strength, with a bending strength of 
90 to 1M)km/m12 at 1UX)'C. The HIP- 
prepared ceramic material consists of (I- 

Sialon mixed with acicular crystals of 
Si3N4, and features uniform and pore-free 
structures. 

'Matsushita Electric Works has started 
selling 2 types of driers for domestic 
purposes. Each is a high-efficiency device 
(heat efficiency: 70% at molecular level), 
emitting infrared rays from the specially 
designed ceramic heater element. 

*Dai-ichi Kogyo Seiyaku has developed and 
started selling a water-soluble binder 
capable of forming ceramic materials into 
highly densilied shapes. Use of the binder 
allows inaeases in the density and tensile 
strength of the artides formed by 12% and 
1W%, respectively, wmpared with un- 
treated materials. Being water-soluble, it 
is easier to handle. 

*The Saence and Technology Agency's 
National Institute for Research in Inor- 
ganic Materials has prepared a thick f h  
of PGO, M to UX)pm in thickness, wing 
an ultraquenching method, and have devel- 
oped a pyroelectric infrared sensor incor- 
porating this thick f h .  

*A.M. Technology (0559-67-5166) has 
developed a melting/forging process for 
aluminum composite materials, in which 
A1203 fibem or Sic whiskers are preform- 
ed and set in a mold into which molten 
aluminum is poured, and the aluminum- 
impregnated reinforcing material is then 
pressed. This aluminum composite material 

is comparable with iron in strength and 
heat resistance. 

'Sante has started selling a water purser, 
in which water is electrolyzed by the aid 
of a granular ceramic material and treated 
by far-infrared rays. 

'Oki Eleetrie Industry has developed a 
full-wlor EL element display, with a 
luminescent f h  which uses SrS with 
traces of Ce and Eu as the luminous 
material. 

*Mitsui Petrochemical Industries has 
developed a single LBO crystal, 2in. in 
diameter and 2in. long, for SAW elements, 
using the CZ method. 

*K. Torii of the Agency of Industrial 
Science and Technology's Government 
Industrial Research Institute, Tohoku, has 
developed a porous body with a mesopore 
of 46.4A. Silicate-containing smectite, 
synthesized by the hydrothermal process 
using Si and Mg, is wmbined with an 
organic compound and heat-treated. 

*The Nagasaki Prefecture's Institute for 
Ceramic Materials has developed a new 
mullite-base porous ceramic material. A 
mixture of New Zealand kaolin and C e 3  
or CuO is formed and sintered, and the 
glassy phase is eluted out from the sin- 
tered body. It is characterized by its 
uniformly s i i  pores. Porosity is SO to 
60%. 

'Takenaka Komuten has found that granu- 
lar cement paste (water content: 18 to 
23%), which shows no fluidity, is in flux 
instantaneously when viirated ultrasonical- 
ly. It can be soliditied and highly den- 
silied to have a compressive strength of 
1302kg/cm2, when mixed with pure mortar. 

'N. Inoue of the Agency of Industrial 
Science and Technology's Government 
lndustrial Research Institute, Kyushu, has 
synthesized pure TSH in long-Iikr crystals 
(mar length: lmm), using Si02 and CaCO:, 
as the starting materials and treating them 
hydrothermally. 

*Hitachi, Ltd. has sucfeeded in forming a 
Ti,N4 f h  over a ZrOl substrate in 15min 
by the ion beam mixing method, in which 
a bucket-type ion source developed for 

nudear fusion is applied. The f h  is 
readion-bonded fast to the substrate. 

'Shiseido has developed an inorganic 
photoehromism-type pigment, in which 
Ti02 is mixed with a spedal agent. 

*Mitsui M i  and Smelting has developed 
a chemically stable composite ceramic 
material of high strength and high thermal 
wnductivity, consisting of Sic sandwiched 

by ,4120,. 

'Kanthal Artwre has developed a Zr02- 
base heating element, capable of heating 
an oven up to 2300.C. 

'Wmg (M862-0531) has developed a 
polarizing tile coated with specially pre- 
pared particles, which exhibits various 
colors, depending on angles of light which 
fall on it. 

OH. Yamada of the Agency of lndustrial 
Saence. and Technology's Government 
lndustrial Research Institute, Kyushu, has 
developed a process for producing large 
(10pm in size) plate-shape crystals of basie 
CaC03 at around room temperature. 
Weathered quicklime miaoparticles are 
treated in a low-eoncentration aqueous 
solution of sacchar06~ to grow the nuclei 
while hydration is controlled. 

'Takenari UF Institute (0899-76-8835) has 
developed a white eeramic powder bleached 
with an enzyme extracted from fmeapplc 
juice. 
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