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Internal Friction and Anelastic Relaxation of Zr02  
Polycrystals Containing 2 mol% Y 2 0 3 , 8  mol% Y 2 0 3  and 

12 mol% Ce02 

Masakuni Ozawa, Tatsuya Hatanaka and Hideo Hasegawa 

Toyma Central Research and Development Laboratories, Inc. 
Nagakutecho, Aichi-gun, 480-1 1 Japan 

The comparative study of the internal friction of ZrOl 
polycrystals doped containing 2 mol% Y,O3, 8 mol% 
Y203 and 12 mol% CeO, (2Y-TZP, 8Y-FSZ and 12Ce- 
TZP) was performed a t  high frequencies around 100kHz. 
The data of 2Y-TZP around lOOKHz revealed an anelas- 
tic relaxation peak with the activation enthalpy 
H=825f1.4kJlmol, t h e  re laxa t ion  s t r e n g t h  
~=1.34+0.08~10", and ~ ~ = 5 . 4 ~ l . l x l @ ~ ~ s e c .  The relaxa- 
tion is considered to be the same as the dielectric one 
with H=79.0fl.8kJlmol and ~~=5.9+3.1x10~'~sec. The in- 
ternal friction for 2Y-TZP and 8Y-FSZ indicated the ex- 
istence of the same relaxation process and consequently 
the possibility of similar local cation-anion (or vacancy) 
interaction in Y2O3 doped Zr0 ,  regardless of the sym- 
metry (tetragonal and cubic). The internal friction was 
small for the 12Ce-TZP, but was large after the reduction 
and increased at elevated temperature, accompanied by 
the trace peak. The results indicate directly significant 
contribution of the oxygen vacancy to the generation of 
the internal friction of ZrO,. 
[Received January 11, 1991; Accepted April 19, 19911 

Key-words: Internal friction, ZrQ, Elastic property, Debye 
peak, Anelastic relaxation, Dielectric relaxation, 
Piezoelectric resonance method 

1. Introduction 

The measurement of anelastic and dielectric loss are use- 
ful for the investigation of point defects or complexes with 
anelastic and dielectric dipole in materials. The application 
of stress or electric field to the oxide with oxygen vacancies 
can affect the energies of the otherwise equivalent sites for 
the diffusion defects, ions and complexes, resulting in the 
relaxtions." 

Zirconia (Zr0,) with Y203 addition has been widely 
known to be good solid electrolytes at elevated temperature 
due to the oxygen vacancies introduced as compensation for 
the dopant cati~ns.~' Recently, tetragonal zirconia polycrys- 
tals (TZP) with 2 to 311101% of Y203 and 12mol% CeO, were 
developed for ceramics materials with high strength and 
toughness." Toughness is resulted by stress induced mar- 
tensitic transformation of tetragonal (t) to monoclinic (m) 
symmetry. However, it has been reported that thermal aging 
of TZP with Y203 at 200 to 300'C leads to the degradation 
of the strength and toughness in the materials due to the 
progress of t-m transf~rmation.~' 

Several investigators 5-9' have revealed the internal fric- 

tion peak in the 'IZP at moderate temperature range, and 
suggested that it was caused by the oxygen diffusion or 
rearrangement which are related with the transformation. 

This work describes the comparative study anelastic and 
dielectric relaxation of Zr02 polycrystals doped with 211101% 
Y,03, 811101% Y2O3 and 12 mol% Ce02 (2Y-TZP, 8Y-FSZ 
and 12Ce-TZP) which were measured at high frequencies 
around IOOkHz, and discusses the contribution of oxygen 
defects to the internal friction and the relaxation process in 
the ZrO,. 

2. Experimental and Analysis Procedure 

2.1. Samples 
The experiments were carried out on sintered polycrys- 

talline bars of Zr02 doped with 211101% Y2O3 (2Y-TZP), 
811101% Yz03 (8Y-FSZ) and 1211101% CeOz (12Ce-TZP) 
which are 3x4mm in cross section and 25 to 32mm in 
length. The samples used in the present study are listed in 
Table 1. The 2Y-TZP sample contains 3.53wt.% Yz03 and 
trace impurities such as Al, Si and Fe. The 2Y-TZP con- 
sisted of tehagond and trace monoclinic phases. The phase 
fraction did not change in the heat treatment of the meas- 
urement. The 8Y-FSZ contains 13.50wt.% Y2O3 and trace 
impurities and consists of only cubic phase. The 12Ce-TZP 
sample consists of tehagond phase with trace amount of 
monoclinic phase and contains 16.69wt.% CeO, and trace 
impurities. Furthermore, the 12Ce-TZP sample was 
reduced by heating at 1000°C in H2 for 8h1 to introduce 
oxygen vacancy in the crystal lattice. 

2.2. Elastic Measurements 
For elastic measurements, the resonance piezoelectric 

method was used on composite-bars of samples and 
 vibrator^.^.'^' The piezoelectric vibrators used were - 
18.5"X-cut quartz for longitudinal vibration mode. Quartz 
vibrator bars were 3x4mm in cross section and 20 to 30mm 
in length for the excitation with the different frequencies of 
90 to 140kHz. The composite bar of a vibrator and a sample 
was formed by using the inorganic adhe~ive.'~' 

The internal friction Q-' of the composite bar is calcu- 
lated by the following equations. 

where m, and m, are the masses of the sample and of the 
quartz vibrator, Ym and Y, the admittances and f, andf. the 
frequencies corresponding to the maximum and minimum, 
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fR the resonant frequency of the composite bar, andf, and& 
the resonant frequency of a sample and a quartz respective- 
ly. Q-' was calibrated by the internal friction of quartz Q,', 
which was below 10" at the temperature in this experiment. 
The difference of the resonant frequencies between samples 
and vibrators influences the measured data of the internal 
friction Q - I  of the samples.11' The data were calibrated by 
the experimental equation, 

ln(Q-I) = 1n(Qir) - a(Q'Jo - 1)' . . . . . . .  (3) 

where Q-' and Q i L  are the observed and true value of inter- 
nal friction, f, and fa the observed and true value of the 
resonant frequency, and a the constant (-7.5) which was 
determined experimentally. The temperature dependence of 
the resonant frequency of a quartz was calibrated by the 
equation with its temperature coefficients. Young's 
modulus was obtained from E=p(2fS1)', where p is the den- 
sity and 1 the length of samples. The temperature change 
of p and 1 was calibrated by the thermal expansion data of 
the samples. 

2.3. Dielectric Measurements 
Dielectric loss was measured with LCR meter (HP- 

Table 1. Zr02 samples used in the present study. 

Katerials Dopant Impurities Phase Lattice Density Young's 

content (.t%) constant (10klrd) @odulus 

("1%) ("4 (CPa) 

4275A) at various frequencies f of 10k to lOMHz at elevated 
temperature. The samples used were thin plates 
(3x4xl.lmm), and the silver electrodes (2.5x3.5mm) were 
painted on two faces. The dielectric loss angle 6 was ob- 
tained from, 

where cu=2nf, R the resistance and C the capacitance. 

2.4. Analysis of Debye Peak 
Anelastic or dielectric relaxation in solid gives rise to a 

relaxation peak which obeys the Debye equation (1). 

where S is the angle for either the anelastic (Q-'=tans) or 
dielectric causes, A the relaxation strength, o the angular 
frequency of the applied stress or electric field, and 7 the 
relaxation time. In the thermally-activated relaxation, the 
relaxation time z obeys the Arrhenius equation, 

where H is the acivation enthalpy for relaxation, zo a pre- 
exponential factor, R the gas constant and RT the tempera- 
ture. A plot of Q-' versus 1/T at a fixed frequency gives rise 
to a symmetric Debye peak with the maximum for w l .  
The peak width 6(1/T) at half-maximum is represented by 
the equation for a single relaxation, 

ZY-TZP 3.53 (0.085 t a=0.5098 6.01 208.3 3. Results and Discussion 
Y203 (Al.Si.Pe) m(tr) c=0.5186 

l2Ce-TIP same same t a=O.5154 

reduced above above c=O. 5211 

t:tetragonal.m:monocIinic.c:cubic, tr:trace 

All smples were purchased from Tosoh Co.Ltd. 

5.84 211.5 
3.1. 2Y-TZP 

Figure 1 shows the temperature dependence of Young's 
6.15 193.2 modulus E and intemal friction Q-I in 2Y-TZP measured by 

a 90KHz vibrator. The data revealed the intemal friction 

6.01 191.0 
peak and the elastic anomaly around 300°C. Figure 2 il- 
lustrates the plot of the Q-l data as a function of reciprocal 
temperature, showing a symmetric peak similar to Debye- 
type relaxation. The experimental data on intemal friction 
were analyzed by a parameter fitting, by using the least 
squares method, after the equation (4) and (5). Table 2 
summarizes the results of peak temperatwe,relaxation 

220 

180 

0 
1 0 

~ O ~ ~ T - ~ O ' I T M  

IO'IT 

Fig. 2 Fig. 3 

modulus E and the internal friction Q- 
of ZY-TZP measured by a 90 kHz quartz. 

Fig. 2. Reciprocal temperature dependence of the internal friction P' of 2Y-W. 
0 100 200 300 COO 500 The data are the same as that in Fig.1. 

Temperature ( T I  

Fig. 1 

Fig. 3. Normarized relation of Q-' vs. T' with data measured at three different fre- 
quencies with 90 kHz(O), 110 kHz(.) and 130 kHz (A). PIM and TIM stand for 
the internal friction and temperature at maximum. 
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strength (A) and activation enthalpy (H) obtained from fit- 
ting curves with experimental data of the Debye peak for 
2Y-TZP, measured by the three quartz vibrators with dif- 
ferent frequencies. Figure 3 shows a theoretical curve and 
experimental data normarized on the peak height and 
temperature position. The data with different frequencies 
have good consistence on peak shape each other. The 
averaged H was obtained to be 36.lf 1.6kJImol from half- 
width data and the relaxation strength A was 1.34B.08~10' 
2 

Matsushita et al." canied out the elastic measurement on 
2Y and 3Y-TZP by the flexural vibration method. They 
showed Arrhenius plots of frequencies applied (lk to 5 
KHz) versus peak temperatures, and obtained activation en- 
thalpy H=69.3S.Ok.I/mol for 2Y-TZP and 
H=81.255.3kJ/mol for 3Y-TZP. Weller and ~chubert~ '  
reported H=W3kJ/mol for 3Y-TZP, derived from an Ar- 
rhenius plot using two data measured by 2.7 Hz torsion and 
3.06 kHz flexural vibrations. Figure 4 shows the relation 
of applied angular frequency o (2nf) vs. reciprocal peak 
temperature T' for 2Y-TZP, in which the present data 
around lOOkHz and the data by Matsushita et al. were used. 
The data gave a straight line in the wide range of the applied 
frequency of lk to 100kHz. The relation, Inw-H/RT-I~(T,) 
where H=82.5f 1.4kJ/mol and ~ ~ = 5 . 4 f 1  .lx10.~~sec, was 
found to be valid for the anelastic relaxation of 2Y-TZP. 
The H value derived from half-width of the peak in the 
present work was smaller than that obtained by the Ar- 
rhenius plot. The peak observed in Fig.3 was 2.3 times 
broader than a single Debye peak with H=82.5kJ/mol. It 

indicates the association of complex relaxation precesses 
which can not be described by a single Devye peak. 

Figure 5 shows the temperature dependencies of the 
dielectric loss angle for various frequencies of 10k to 
1OMHz. The data revealed the peak of he dielectric loss. 
Its peak temperature depended on the frequency applied for 
the measurement. An Arrehnius plot of applied angular fre- 
quencies o vs. reciprocal peak temperature TI is ilustrated 
in Fig.6. These data were represented by a straight line 
indicating thermally-activated relaxation to give 
H=79.0f3.8M/mol and ~ ~ = 5 . 9 f 3 . 1 ~ 1 0 ~ ~ ~  sec. 

The activation enthalpy derived from an Arrehnius plot 
is the same for anelastic and dielectric relaxation within 
experimental error. However, T~ is different by a factor of 
10. The H values correspond to that of oxygen ionic con- 
duction of Zr02. The results suggest that the same 
mechanism is involved in anelastic and dielectic and dielec- 
tic relaxation, such as the movement and rearrangement of 
oxygen (or defect). 

3.2. 8Y-FSZ 
Figure 7 shows the data of Young's modulus E and in- 

ternal friction Q-' on 8Y-FSZ measured by a 90kHz quartz. 
The internal friction data revealed a peak around 300°C, 
with the background increased with increasing temperature. 
They are also observed in Fig.8, which shows a plot of Q-I 

vs. TI .  The peak temperature increased with increasing 
frequency applied for the measurement. The peak strength 
after the subtraction of background was ca.1.4~10.~, and was 
almost the same to that for 2Y-TZP. The data suggest that 
the peak in 8Y-FSZ is due to the relaxation process which 
is activated thermally as in 2Y-TZP. The results of internal 
friction for 2Y-TZP and BY-FSZ suggest the local interaction 
between cation and anion (or vacancy) which induces the 
an elastic relaxation for Zr02 with Y2O3 regardless of the 
symmetry with long periodicity. 

The local structure in cubic Zr02 stabilized with Y20, 
has been investigated using EXAFS technique by Catlow et 
al..I3' They suggest the average 24' environment being 
more disordered than that of y3+, i.e. the zr4' coordinated 
with seven oxygen ions. At elevated temperature, the high 
oxygen mobility results in statistical distribution of oxygen 
vacancies. Their result indicates that the oxygen vacancy is 

Table 2. The data for the internal friction peaks of 2Y-lZP, anal. 
ized by the Debye equation. 

Applied Peak Half-width Relaxation Activation 

frequency temperature rIO~\ttrenglh enthalpy 

a t  peak (C) (K-') 110.' (hJlmol) 
(kHz) 

Temperature (T) 1 0 ' 1 ~  

Fig. 4 Fig. 5 Fig. 6 

Fig. 4. Arrhenius plot of Inw (w is angular frequency) vs. the peak temperature T for the internal friction peak of 2Y-lZP. e: present study, 
0: Matsushita et al." 
Fig. 5. Temperature dependence of dielectric loss tan8 of 2 Y - W  measured at frequencies of (a) IOk, (b) 20k, (c) 40k, (d) lCQk, (e) 200k, ( f )  

400k. (g) lM, (h) 2M, (i) 4M and (j) IOM Hz. 
Fig. 6. Arrbenius plot of Inw (w is angular frequency) vs. the peak temperamre T for the dielectric loss peak of 2Y-TZP. 
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located around Zr cation to form (~4-0") pair at low 
temperatures, and this pair decomposed at high tempera- 
tures. The present data supports the appearance of the local 
structure with an elastic dipole to give rise to the elastic 
relaxation peak in cubic ZrOz with Yz03. Furthermore, the 
elevated background with temperature is attributed to the 
movement of oxygen vacancies with increasingly random 
distribution, which may be different cause for internal fric- 
tion from the relaxation observed at 300'C. 

The data of the dieletric loss on 8Y-FSZ is shown in 
Fig.9. It was found that the dielectric loss significantly 
increased upon rather low temperature and was elevated 
with temperature, not showing the peak. It was different 
from the case of the internal friction in the same sample. 
The results indicate that the relaxation response is more 
sensitive at elastic field than electric field in cubic Zr02. 
The peak around 300°C is revealed by only elastic measure- 
ment, which shows that the intemal friction experiment is 
unique for study on the relaxation. 

3.3. 12Ce-TZP 
The heat treatment at 1000°C in Hz for 8 hours induced 

the loss of weight, slight expansion, the decrease of 
tetragonality @/a) and the increase of the lattice volume for 
the TZP containing 12.6 mol% CeO,. The data for the 
density and the lattice constant are listed in Table 1. The 
weight loss of the reduced Ce-TZP sample was explained 
by the reduction of CeO, to C q 0 3  (i.e. ~ e @  to ce3') doped 
in ZrOz lattice. The change of tee to ce3+ results the for- 
mation of oxygen defect to compensate the charge in the 
TZP and the expansion of the crystal lattice because of the 
increase of ionic radius of Ce with the reduction. The com- 
position of 12Ce-TZP samples, represented by 
Z r ~ . , ~ 4 c ~ . 1 2 6 0 2  as received, changed to be 
Zr0.84~Ce0.12602r(~ = 0.063) which was calculated from the 
weight loss with heating in Hz. The reduction treatment 
produces the oxygen vacancy with the amount correspond- 

ing to the change of the valence of ce4' to ce3+ doped in 
TZP. 

Figures 10 and 11 compare the results of Young's 
modulus E and the internal friction Q-' for the I2Ce-TZP 
before and after the reduction. The data for the sample 
without the reduction shows the linear decrease of E with 
temperature and small value for Q' even at elevated 
temperature. For the reduced Ce-TZP, the internal friction 
shows the increase with elevated temperature and the trace 
peak around 330"C, where Young's modulus shows slightly 
non-linear behavior. The plot of Q-' with reciprocal 
temperature scale is demonstrated in Fig.12. The tempera- 
ture dependence of the internal friction for the reduced 
sample are similar to that for 8Y-FSZ in Fig.8, although its 
absolute value is smaller than that of 8Y-FSZ. The results 
directly indicate the significant contribution of the oxygen 
vacancy to cause the intemal friction of Zr02. 

3.4. Effect of the Oxygen Vacancy for the Internal 
Friction 

The concentration of oxygen vacancy for (Zr, M)Oz, 
(M=Y, Ce) used in the present work is ~ ~ 0 . 0 2  for the 2Y- 
TZP, x=0.08 for the 8Y-FSZ, x=O for the 12Ce-TZP and 
x4.06 for the reduced 12Ce-TZP. The comparative results 
in Figs.1, 7, 10 and 11 indicate the significant contribution 
of the oxygen vacancy and its concentration to cause the 
internal friction of ZrO,. Our results are briefly summarized 
as following. 1) The internal friction peak appears in the 
ZrOz sample with oxygen vacancy regardless of their sym- 
metry (cubic or tetragonal), the kind of dopants (Y or Ce) 
and their composition. 2) The type of internal friction in 
the temperature range of 25°C to 450'C is summarized as 
two ones; the peak indicating the anelastic relaxation, and 
the background increased with increasing temperature. In 
the 2Y-TZP, the relation of Q' vs. T' indicates the relaxation 
peak defined by the parameter described earlier. Whereas 
in the 8Y-FSZ and the reduced 12Ce-TZP, large amount of 
the oxygen vacancy in Zr02 gives rise to the internal friction 
with high level background on which the relaxation peak is 
accompanied. 

The results suggest that the anelastic relaxation to 
produce the peak of the internal friction is due to common 
cause in ZrO, with the oxygen defect. The introduction of 
trivalent cation M" such as Y and ceS to ZrOz produces 
one oxygen vacancy Vo for every M203 molecule. In cubic 
Zr02 with Y203, as suggested by Catlow et al., the anion 

Temperature (%) 1 0'1 T Temperature ('C) 

Fig. 7 Fig. 8 Fig. 9 

Fig. 7. Temperature dependence of Young's modulus E and the internal friction Q-' of 8Y-FSZ measured by a 90 kHz quartz. 
Fig. 8. Recrprocal temperature dependence of the internal friction Q-' of 8Y-FSZ. The data are the same as that in Fig.7. 

Fig. 9. Temperature dependence of dielectric loss tans of 8Y-FSZ measured at frequencies of (a) 10k, (b) 20k. (cf 40k. (d) 100k, (e) 200k. (0 
400k, (g) lM, (h) 2M, ( i )  4M and (i) 10M Hz. 
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Fig. 10. Temperature dependence of Young's modulus E and the internal friction Q-' of I2Ce-'UP measured by a 90 kHz quartz. 
Fig. 11. Temperature dependence of Young's modulus E and the internal friction Q-' of the reduced 12Ce-TZP, measured by a 90kHz quartz. 
Fig. 12. Reciprocal temperature dependence of the internal friction Q-' of (a) 12Ce-TZP and (b) the reduced I2Ce-TZP. The data are the same 
as that in Fig.10 and I I. 

vacancy is preferentially sited adjacent to zrh, so that panied with the trace peak. The results directly indicate 
(zr4+Vo") pair with elastic dipole will give rise to the relaxa- the significant contribution of the oxygen vacancy to the 
tion peak. A part of the pair in the local structure is decom- internal friction of ZrOz. 
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Microstructure and Microwave Characteristics of 
Ba((Mg, Co)113Nb213)03-Ba~ed Dielectrics 
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and Taro Miura 
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570-2, Matsugashita, Minami-Hatori, Narita-shi, 286 Japan 

The microstructure of the cubic perovskite Ba((Mg, dielectrics, and to study the effects of the phases on the 
C ~ ) ~ ~ N b ~ ~ ) O , - b a s e d  dielectric has been investigated. microwave properties of the dielectric body. The second 
The secondary phase was determined to be Ba5Nb40,,; purpose is to synthesize a high-Q, low loss, dielectric com- 
this phase was detrimental to the microwave properties pound by controlling the A-site/B-site ratio and by long 
of Ba((Mg, C O ) , / ~ N ~ ~ ) O , .  Eliminating the secondary annealing process. 
phase, the precise control of A-sitem-site ratio of the 
perovskite and long time annealing improved the 
microwave characteristics. 2. Experimental Procedure 
[Received February 22, 1991; Accepted May 23, 19911 

Key-words: Ba((Mg, C O ) , ~ N ~ ~ ) O ~ ,  Ba5Nb4OI5, 
Microwave dielectric, Perovskite structure, Microstructure 

1. Introduction 

Microwave application to automobile telephones and TV- 
receivers of satellite broadcasting has been increasing rapid- 
ly. Geographic Positioning System (GPS) for navigation of 
airplanes, cars, and mountain-climbers is also in the 
category of microwave application. Under these cir- 
cumstances, the microwave dielectric properties with high- 
Q, low loss, as resonators and filters in the microwave 
equipment have been becoming extremely important. The 
cubic perovskite dielectrics have been studied for develop- 
ing the high-Q, low loss, die1e~tric.l'~' In order to study the 
mechanisms of microwave characteristics, far infrared 
reflection spectra;' phase transition,'"' and the effect of 
secondary phase on Q-value,"' Curie-Weiss-like behavior of 
the loss tangent,12' the effect of dopants,".14' Ba reduced 
perovskite to improve sintering density,15' B-site element 
control in perovskite ABO,,'~' frequency and temperature 
dependence of grain size and density of polycrystalline 
perovskite,17' and the techniques for microwave measure- 
ment"' have been widely discussed. However, the relation 
between microstructural phases and the microwave proper- 
ties has not been sufficiently discussed. The development 
of structural analysis equipment has made it possible to 
analyze the microstructures and the concentrations of con- 
stituent elements in grains and  phase^.^^^^^' 

Ba((Mg, Co),,%)O3-based dielectrics usually syn- 
thesized have a very low Q-value. The authors considered 
that this might be caused by the existence of other phases 
in the dielectrics. The first purpose of this study, therefore, 
is to analyze the microstructure of the Ba((Mg, 
Co),,Nbrn)03-based dielectrics usually synthesized have a 
very low Q-value. The authors considered that this might 
be caused by the existence of other phases in the dielectrics. 
The first purpose of this study, therefore, is to analyze the 
microstructure of the Ba((Mg, CO),,-)O3-based 

Commercially available BaCO,, MgCO,, Co30,, and 
NbzO5 were used for the synthesis of Ba((Mg, 
C ~ ) , ~ N b ~ ) O ~ - b a s e d  dielectrics. A mixture of 40wt% con- 
centration was ball-milled in deionized water for 17.5h, 
dried then calcined at 1270'C for 2h in air atmosphere. 
After milling with polyvinyl alcohol as an organic binder, 
the calcined powder was pressed into a cylindrical shape, 
12.5mm in diameter and 15.0mm in height. The pressed 
body was sintered at 1520'C for 2h in air. 

The sintered compacts were polished with 0.25pm 
diamond paste then chemically etched by HCI + HF solution 
to reveal the grains and phases for microstructural observa- 
tion with a Scanning Electron Microscope (SEM: Hitachi 
S-800). Constituent elements of the microarea were 
mapped by means of a Computer-aided Micro Analyzer 
(CMA:Jeol JCMA-733). A Scanning Transmission Electron 
Microscope (STEM: Jeol JEM-2000FXII) with Energy 
Dispersion X-ray (EDX) was used for quantitative analysis 
of composition of grains and phases in the microarea. The 
crystal structure of each phase was determined by an X-ray 
Diffraction Spectrometer (XRD: Mac Science M*) with 
Cu target. 

In order to evaluate the microwave characteristics, each 
sintered body was precisely machined into a cylindrical 
shape, 10.00-H).003mm in diameter and 5.GOM.01mm in 
height. Microwave dielectric characteristics were measured 
by Hakki and Coleman's dielectric resonator method? and 
the Q-value was measured at 7.3 GHz. 

3. Results and Discussion 

3.1. Phase Determination 
Figure 1 shows a microstructure of the polished and 

chemically etched surface of a sintered sample. The 
average grain size of the principal phase, Ba((Mg, 
CO),~N~,)O~, is approximately 1.2pm. The whitecolored 
secondary phase, having straight edges and dihedral angles 
of 60 or 120 degrees, is stable against the HCI+HF solution. 
The blackcolored tertiary phase with 0.2pm diameter exists 
on the grain boundaries, particularly at the triple points. The 
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Furthermore, the hexagonal structure of 
agreed with the microstructural shape of the 

Fig. 1. SEM photomicrograph of polished and etched surface of 

Ba((Mg, CO),,~N~,, 10, body. The white-colored secondary 

phase, and black-colored tertiary phase on the grain boundaries 

are observed. 

Note: Etching solution was (1:I)HCl 250ml + (I:9)HF Iml. ia l  

Etching time was 100 sec at 20'C. 

tertiary phase is etched most easily by the solution among 
the three phases. 

The constituent elements of the dielectric were mapped 
by CMA as shown in Fig.2. It is significant that the con- 
centrations of both Mg and Co in the secondary phase are 
extremely small. On the other hand, the concentration of 
Nb is much higher than that of the principal phase. Barium, 
as an A-site element in perovskite structure of ABO,, shows 
no noticeable difference in concentration between principal 
and secondary phases. The constituent elements of each 
phase were quantitatively analyzed by using STEM-EDX as 
given in Table 1. The BaINb ratio of the principal phase, 
Ba((Mg, C O ) , ~ N ~ ~ ~ ) O ~ ,  is 52.04135.95 (nearly 312). The 
secondary phase is 52.67144.26 (nearly 514). Therefore, the 
most probable compound of the secondary phase is deter- 
mined to be BaSNb4015, which is a stable compound in the 
BaO-Nb20S binary 

Figures 3(a) and (b) show XRD patterns of Ba((Mg, 
C~),,,Nb~~)O~-based dielectric and the synthesized 
Ba5NbQls (JCPDS:Card ~ o . 1 4 - 2 8 ) , ~ ~ '  respectively. The 
diffraction pattern of BasNb40,5 corresponds to the un- 
known peaks in Fig.3(a). The BaSNb4Ol5 phase was milled 
and intentionally added to the principal phase at the con- 
centration of 25wt%, then the mixture was sintered at 
1520°C for 2h. The resulting XRD pattern in Fig.f(c) is the 
same as that in Fig.3(a). however, the former shows much 
higher intensity of BaSNb401s than the latter. Consequently, 
this result convinces that the secondary phase has to be 

Table 1. Quantitative analysis by STEM-EDX (n=4). 
.................................................. .................................................. 

Concentration (a t%)  
BaO (Nb205)/2 COO MgU 

Principal ave. 52.04 35.95 5.84 2.74 
phase o-. t1.47 23.63 i1.68 12.00 

Secondary ave. 52.67 44.26 1.19 0.30 
phase u. t2.85 22.11 r1.20 r0.54 

Tert iary ave. 37.98 58.22 2.17 1.43 
phase o- t2.29 21.98 20.35 21.00 Fig. 2. (a) Composition image of the etched microstructure of 

Ba((Mg, C O ) , , ~ N ~ ~ ) O , .  and (b) Mg, Co. Nb and Ba mapping 

image by CMA. 
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Powder D~ffraction Pattern Sample :US-MO-PM Date : 

Fig. 3. X-ray diffraction spectra of (a) Ba{(Mg, Co)~nNbm)O~-based dielectric, (b) BasNbdOlr, and (c) Ba((Mg. Co)t,,Nby,JO, (75wt%) t 
Ba5Nb4O,s (25wt%). These samples were sintered at 1520'C for 2h in air. 

secondary phase in Fig. 1 .  

3.2. Model Experiment of Ba5Nb4015-doped Ba((Mg, 
C ~ ) I I S N ~ ~ I , ) O S  

In order to study the influence of the secondary phase, a 
single phase of BaSNb40,5 was synthesized from BaC03 and 
NbZOs under exactly the same processing conditions as the 
mother material. Below its calcination temperature of 
1270"C, BasNb4015 shrunk considerably. When the 
temperature was raised to 1520°C for sintering, Ba5Nb40ts 
melted because the melting point of Ba5Nb4OI5 is 
1 3 2 0 " ~ . ~ ' . ~ ~ '  It is, thus, tenable that the secondary phase was 
formed during cooling process from the liquid phase. 

Figure 4 shows an SEM photomicrograph of the sintered 
dielectric with the addition of 25wt% secondary phase. The 
hexagonal-shaped secondary phase with 20pm diameter and 
approximately lpm thickness is observed. Even when the 
dielectric was sintered without the intentional addition of 
the secondary phase, the same size of the hexagonal-shaped 
phase was still observed; but the number of the phase was 
smaller. 

The microwave characteristics of Ba((Mg, Co)l,&bm)03 
containing secondary and tertiary phases were evaluated. 
The dielectric constant g ,  the loss quality Q, and the 
temperature coefficient of resonating frequency zf (ppm/'C) 
of the Ba((Mg, Co),,,Nl~~~,)O,-based dielectric were 31.7, 
1730 and 9.12, respectively, while those of Ba5Nb4OlS were 
27.3, 1100, and 54.56, respectively. In other words, 
Ba5Nb40,5 possessed disadvantageous properties of low-g, 
low-Q, and high .rf. This case study, therefore, proves two 
points for improving the dielectric synthesis. 

Fig. 4. SEM photomicrographs of BasNb40tr (25~1%) + 
Ba((Mg, C O ) , ~ N ~ ~ ~ ) O ,  (75wt%) dielectric sintered at 1500'C 

1) The existence of BaSNb4OIS in Ba((Mg, C 0 ) , ~ N b ~ ) 0 3  is 
detrimental to the microwave properties of g ,  Q, and zf. 
Thus, BaSNb4OI5 has to be eliminated from the principal 
phase. 

2) Both Q-values of the principal and secondary phases were 
low. Chemical compositions, therefore, must be precise- 
ly controlled in order to obtain a high-Q microwave 
dielectric. 

3.3. Effect of A-site/B-site ratio of Ba((Mg, C O ) ~ ~ N ~ ~ ) O ,  
Figure 5 shows the Q-value and g of Ba((Mg, 
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A * i ' e / ~ * i ~ ~  

Fig. 5, Q-value and dielectric constant versus A-site/B-site ratio 

of Bal (Mg, C O ) I I ~ N ~ ~ I O I .  

Table 2. Effect of annealing on E, and Q. 
---------------.--------------..-- ---------------------.----....---- 

annealing ( h )  Er Q 
-------------------------..------. 

Conventional method 

A-site/B-site control  

CoOInNbza)O3, as a function of A-site/B-site ratio, which 
was determined by fluorescence X-ray analysis (Rigaku 
Simultics 3530). When the A/B value is over 1.018, Q- 
value is less than 1000; in this A-site rich zone, the porous 
micmstmcture of the dielectric was observed and thus both 
cf and Q had low values. At the point where A/B=1.015, 
the Q-value shows approximately 7000; this improved 
dielectric possesses much higher Q-value than that in the 
model experiment sample. As the A/B ratio decreases fmm 
1.015 to 1.008, the Q-value increases to 11000 with the 
reduction of Ba5Nb4OI5 confirmed by XRD peak intensities. 
For the A/B ratio between 1.008 and 1.005, the Q-value 
declines dramatically to 2000; in this region, the quantity of 
Ba5Nb40,, increased. On the other hand, dielectric constant 
shows constant value of 32.8 in the A/B area between 1.013 
and 1.005. It is, therefore, concluded that the Q-value is 
remarkably dependent on the A-sitem-site ratio of Ba((Mg, 
Co)113Nbzn)03. 

3.4. Effect of Annealing 
Long-time annealing was carried out to enhance the Q- 

value of Ba((Mg, C O ) , ~ N ~ ~ ) O ~ ,  since the atomic arrange- 
ment of the constituent elements was considered to affect 
the microwave properties of the dielectric. Table 2 gives 
Q, E,, and annealing time of conventionally synthesized 
samples and those of the A-site/B-site controlled sample at 
1390°C. The Q-value increases as annealing continues, al- 
though the E, shows to be almost constant. The atomic 
arrangement of the dielectric during annealing enhances the 
Q-value. However, when the sample is over-annealed more 
than 80h, the Q-value decreases. Probably the composition 

has been altered because cobalt has priority over other ele- 
ments in the vaporization during long annealing. Based on 
the result, long time annealing of 40h for A-sitem-site 
modified sample was attempted. The result of Q-value is 
11600 (Table 2), or the highest value in this experiment. 
The dielectric constant of this sample is almost the same as 
that of the conventional samples. Thus, in order to improve 
the micmwave characteristics of Q-value, the precise con- 
trol of the composition and long time annealing are of prime 
importance. 

4. Concluding Remarks 

The microstructure and micmwave properties of the 
cubic perovskite Ba((Mg, Co),,3Nbrn)03-based dielectrics 
have been investigated. 
1) The secondary phase is determined to be hexagonal 

Ba5Nb40,,. This phase is detrimental to the microwave 
properties of Ba((Mg, C O ) , ~ N ~ ~ ) O , .  

2) The precise control of A-sitem-site ratio is significant in 
eliminating the secondary phase Ba5Nb4OI5 and therefore 
in improving the Q-value of Ba((Mg, C O ) , ~ N ~ ~ ) O ~ .  

3) Long time annealing is also effective for the enhancement 
of the Q-value of Ba((Mg, CO),~N~,)O,. 
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Mullite fibers were prepared by a new sol-gel method 
from AI(OPri),-AI(NO),-TEOS-H20 system. In this sys- 
tem, the spinnable range varied depending on solution 
preparation procedures. When TEOS and AI(OPrl), 
were added simultaneously to an AI(NO,), aqueous solu- 
tion, precursor fibers could be obtained from solutions 
in a composit ional  r a n g e  of H,Omol/(Al+si)mol 
=2011-20011 and A1(OPr'),mol/AI(NO,),moI~6/1. On the 
other hand, the spinnable range was narrow, when TEOS 
was added to the solution of AI(OR')3 in an aqueous 
AI(NO,),. When AI(OPr'), was added after TEOS was 
dissolved in an AI(NO,), aqueous solution, no spinnable 
solutions were obtained. Aluminoxane polymer, 
oligomer of siloxane or  that containing Si-0-A1 bond, 
AI-0 dimer, Si(OH),-0-Si(OH), and [AI(H20)6]2+ were 
observed by "AI- and 29Si-NMR spectroscopy of the spin- 
nable solutions. To the contrary, the unspinnable solu- 
tions contained AI,? polycation and three-dimensional 
polymer having AI-0  bonds. The  existence of 
aluminoxan-polymer, Al and Si atomic scale component 
was deemed necessary for the appearance of spinnability. 
The DTA curves of all precursor fibers showed a unique 
and sharp exothermic peak at 100O0C, while those of gels 
obtained from unspinnable solutions showed only small 
peaks. The x-ray himraction analysis revealed ihat the 
precursor fiber crystallizes directly from amorphous to 
mullite at  temperature as low as 600°C. It was deduced 
that structure which has a similar composition to mullite 
exists in precursor fibers. Mullite fibers were prepared 
by a new sol-gel method from AI(OPr'),-AI(N03)3-TEO- 
S-H,O system. In this system, the spinnable range varied 
depending on solution preparation procedures. The ex- 
istence of aluminoxan-polymer, Al and Si atomic scale 
component was deemed necessary for the appearance of 
spinnability. The DTA curves of all precursor fibers 
showed a unique and sharp exothermic peak at 1000°C. 
The X-ray diffraction analysis revealed that the precur- 
sor fiber crystallizes directly from amorphous to mullite 
at  temperature as low as 600°C. It was deduced that 
structure which has a similar composition to mullite ex- 
ists in precursor fibers. 
[Received October 16, 1990; Accepted April 19, 19911 

Fibrous A120,-Si02 is one of them. There are various types 
of AI20,-Si02 fibers, of which mullite (3Al2O32SiO2) fibers 
are well known for their resistance to creep, high strength- 
related properties at high temperature, resistance to chemi- 
cals and low thermal expansion coefficient. Ceramic fibers 
are normally prepared by the dry spinning process, in which 
the viscous solution of the constituent elements of the fibers 
are spun into precursor fibers to be fired. There are three 
methods known for the synthesis of AI,O,-Si02 fibers: 
1) hydrolysis and condensation of metal alkoxides, such as 

AI(OR), and Si(OR)4 (R: alkyl group) in an alcohol-base 
solvent, to prepare the viscous solution,'' 

2) mixing an aluminum salt with silica sol in an aqueous 
system,2' and 

3) mixing alumina sol with polysilicate in an aqueous solu- 
tion containing PVA. 
Method (I), however, cannot produce uniform 

aluminosilicate by simply mixing the starting alkoxides, be- 
cause of different polymerization/condensation rates of 
aluminum and silicon alkoxides. For this reason, partially 
hydrolyzed silicon alkoxide4' or aluminum is used. 
These methods, however, have their own disadvantages; it 
is difficult to strictly control extent of partial hydrolysis for 
the former, and the starting materials tend to be very expen- 
sive for the latter. One of the major problems involved in 
methods (2) and (3) is formation of the liquid phase in the 
grain boundaries of sintered mullite, because aluminum and 
silicon atoms are not vry compatible with each other in the 
precursor fibers.7' This lowers their mechanical strength. 

In this study, the authors produced the mullite fibers by 
a new method in which aluminum nictate, aluminum 
isopropoxide and tetrathoxysilane (TEOS) were used in an 
aqueous system as an approach to solve the above problems. 
Many researchers have discussed that mullite is produced 
via AI-Si spinel or directly, when metal alkoxides are used 
as the starting materials, depending on whether aluminum 
and silicon atoms form the uniform, single phase or uniform, 
mixed This point isdiscussed in this article. Fur- 
thermore, the effects of starting composition on spinnability 
of the solution, and A1 and Si bond conditions in the precur- 
sor and sintered fibers are discussed, based on the 17~1- and 
29 Si-NMR, powder X-ray diffraction, and DTA analysis 
results. 

Key-word: Mullite fiber, Sol-Gel method, 2 7 ~ ~ - ~ ~ ~ ,  2 9 ~ i -  
NMR, Spinnability 

2. Experimental Procedure 

1. Introduction 2.1. Starting Materials 
The aluminum sources for the synthesis were aluminum 

triisopropoxide (AI(OPrl),, purity: 99.999%) and aluminum 
Recently, ceramic fibers are playing more and more im- nitrate hydrate (AI(N03),.9H,0, special grade), and the 

portant roles as heat-resistant and refractory materials, as silica source was tetraethoxy silane (Si(OEt),, TEOS first 
well as reinforcing agents for FRC's, FRM's and FRP's. grade), all of which were reagents. 
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2.2. Synthesis of Precursor Fiber 
1) Method A 

Aluminum nitrate hydrate was dissolved in distilled 
water, to which aluminum isopropoxide and TEOS were 
simultaneously added, and the mixture was stirred vigorous- 
ly for 24h. The molar ratio of aluminum isopropoxide to 
aluminum nitrate hydrate (AI(OPr')~Al(NO,), was in a 
range from 111 to 1011 mollmol, and that of water to 
aluminum and silicon (H,O/(Al + Si)) in a range from 2011 
to 20011 mollmol. 
2) Method B 

Aluminum nitrate hydrate was dissolved in distilled 
water, to which aluminum isopropoxide was added, and the 
mixture was stirred vigorously for 24h. TEOS was then 
added to the above solution, and the mixture was stirred 
again vigorously for 24h. The same molar 
( A I ( O ~ ~ ) J A I ( N O ~ ) ~  and (H,O/(AI + Si)) were used. 

The AIlSi molar ratio was set at 311 in each method. The 
solution prepared by each method was concentrated for 
around Ih using an oil bath kept at 100"C, to prepare the 
spinning solution. The viscous solution thus prepared was 
stirred with a 5mm diameter glass rod at room temperature, 
and the rod was manually withdrawn quickly, after the solu- 
tion was considered to be spinnable by its viscosity, to 
prepare the precursor fiber. 

2.3. Structural Analysis of Spinning Solution and 
Precursor Fibers, and Fibers during Firing Process 

1) 27A1- and '9Si-NMR Analysis 
The analyzer was Brucker's MSIAOO, operated at mag- 

netic flux density set at 9.39T. The "AI spectra were 
measured 100 times at intervals of 1.0s and at 1.04.27MHz 
by the ordinary FT NMR method, using the x12 pulses of 
1 .2~m.  On the other hand, the " ~ i  spectra were measured 
3000 times at intervals of 20s and at 79.49MHz, using the 
x12 pulses of 4 . 0 ~ s .  The chemical shifts of the 2 7 ~ ~  and 2 9 ~ i  
Spectra were measured, using [A~(H,o)~]~' and tetraethyl 
silane (TMS) as the external standards. The linear analysis 
was also made for the " ~ 1  spectra, producing good results 
for many components by the aid of the Lorentz function, 
when applied to the solution system, ?? sharpened ?? by the 
movement of atoms. However, the Gaussian function gave 
better results for some components, conceivably due to the 
presence of chemical shift distributions, resulting from 
structural disturbances. 
2) DTA-TG and Powder X-Ray Diffraction Analysis 

The DTA-TG analysis was canied out using an analyzer 
(Rigaku Denki's TAS200TG8 1 lo), where the sample was 
heated at 20"C/min. The powder X-ray diffraction analysis 
was canied out by the ordinary method, using a diffrac- 
tometer (Rigaku Denki's D-9C). 

3. Results and Discussion 

3.1. Preparation of Spinning Solution for Precursor 
Fibers 

Figure 1 gives the results by Method A, where AI(OPrl), 
and TEOS were simultaneously added, to form the spinning 
solution. The axis of ordinates represents the molar 
H201(AI + Si) ratio, which had little effect on spinnability 
in a range tested (20 to 200). It was found that the solution 
was spinnable at a molar A1(OPr'),moVA1(NO,),mol ratio of 

8 and less. AI(OPrl), and TEOS in the above ratio were 
simultaneously added to an aqueous solution of Al(N03), 
and the mixture was stirred vigorously for several hours, to 
form, for the most part, a transparent solution. The solution, 
even when it was not transparent, became transparent when 
concentrated under heat in the subsequent step. 

Figure 2 gives the results by Method B, where A1(OPrl), 
and TEOS were added separately, to form the spinning solu- 
tion. The solution was spinnable, when molar H,O/(Al +Si) 
ratio was 200 or less and A1(OPr'),/A1(NO3)~ ratio was 4 or 
less. The mixture of powdered AI(OPr'), and an aqueous 
Al(N03)~ solution in a spinnable ratio turned, when stirred 
vigorously for 24hr, into a transparent solution, when molar 
H20/(AI + Si) ratio was 50 or more. Addition of TEOS to 
the above transparent solution gave a transparent, low-vis- 
cosity solution. On the other hand, the solution tended to 
change, from a transparent condition to opaque jelly, as 
A1(OPr'),/A1(NO3), ratio increased, when H20/(A1 + Si) 
ratio was kept at 20. Addition of TEOS to the a-bve solu- 
tion gave a transparent, viscous solution. Method B gave a 
narrower spinnable range than Method A. A method in 
which A1(OPr1), was added after TEOS was added to the 
aqueous AI(NO,), solution failed to form a spinnable solu- 
tion for the compositional range used in this study. It was 
also observed that the solution formed with aqueous AIC13 
solution was either unspinnable or spinnable in a very nar- 
row range, whether Method A or B was followed. 

3.2. Thermal Treatment of Precursor Fibers 
Table 1 shows the phases, determined by the X-ray dif- 

Fig. 1. Spinnable range of precursor obtained by Method A. 3: 
good spinnable (the obtained fiber is longer than IOcm). A: 
spinnable (fiber obtained is shorter than 1Ocm). 9: unspinnable. 

Fig. 2. Spinnable range of precursor obtained by Method B. 0: 
good spinnable (fiber obtained is longer tban IOcm). A: spin- 
nable (fiber obtained is shorter tban IOcm). .. unspinnable. 
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fraction analysis, found in the dried gel samples, whose 
names are given in Figs.1 and 2, thermally treated at 400" 
to 1300°C. These results indicate two important 
phenomena: 
1) The mullite phase appears directly from the amorphous 

state, which is found in all the samples shown in the 
table. This is similar to the direct synthesis of mullite 
powder by spraying a mixture of aluminum nitrate and 
ethyl silicate dissolved in a mixed solvent of water and 
methanol into an atmosphere kept at 350" or 650"C,'5,'6' 
which differs greatly from the phenomenon observed in 
the ordinary sol-gel process, where the starting materials 
are transformed into the mullite phase via the alumina 
phase (such as Al-Si spinel, or y-, q-, 0- or a-A1203) and 
the silica phase (such as ~ristobalite).'~~' 

2) The mullite phase is found in the precursor fibers heated 
to 600' to 7WC, whereas the dried gel prepared from 
the unspinnable solution should be heated to 1100°C or 
more to.be transformed into the mullite phase. It is ac- 
cepted that heat treatment at 1100°C is required to 
produce the mullite phase in the ordinary sol-gel process. 
Such a temperature level is much higher than 600" to 
700°C used in this study. Figure 3 shows the X-ray 
diffraction pattems of Sample a, the precursor fibers 
prepared by Method A, heat-treated at various tempera- 
ture levels for lh. As discussed above, the sample heat- 
treated at 600'C had the mullite phase, though its pattern 
is broad. Figure 4 shows the DTA curves of Samples a, 
d, e and f, which are the fibrous precursor and dried gel, 
prepared by Methods A and B, respectively. Each curve 
has an exothermic peak at around 1000°C. It is important 
to note that the DTA curves of Samples a and e, (the 
precursor fibers) have a sharp peak only at around 
1000"C, whereas those of Samples d and f prepared from 
the unspinnable solutions have a very small peak at 
around 1000°C. The exotherm at around 10WC has 
been discussed by many researchers; Suzuki et all" and 
Hirata et aI1" attribute it to crystallization of Al-Si spinel, 
Kumazawa et all6' and Yoldas et all1' to crystallization of 
mullite, and Hoffman et a18' and Chakravorty et all0' to 
crystallization of A1-Si spinel and mullite. The chemical 
formula proposed for the Al-Si spinel is SiO26HzO3, 
which is richer in A12O3 than Si022A1203.14' In any case, 
it has been demonstrated that the exotherm found at 
around 1000°C and intensity of the peak are strongly 
related to uniformity of the A1-Si bond in the structural 
networks. In other words, the single-phase gel mixed at 
atomic level has an excessive quantity of enthalpy, result- 
ing from its structural disturbances, which is released at 
a stroke while the sample is heated, to generate the sharp 
exothermic peak, as discussed by Hoffman et al?' By 
contrast, the mixed-phase gel, being formed by mixing 
the particles of the alumina and silica phases, has a 
smaller quantity of excessive enthalpy, and the reactions 
between the alumina and silica phases tend to be retarded 
by slow diffusion rate of each element, with the result 
that the exothermic peak is much broader than that as- 
sociated with the single-phase gel. Furthermore, the 
transformation of each phase is involved in this system, 
producing two or more exothermic peaks. The precursor 
fibers prepared in this study have a single, sharp exother- 
mic peak in the DTA curve, and their X-ray diffraction 
patterns indicate the direct transformation into the mullite 
phase from the amorphous phase. It is therefore con- 

sidered, based on the discussions made by many re- 
searcher~:'~' that A1 and Si are mixed with each other at 
atomic level in the precursor fibers, which is conceivably 
closely related to spinnability. On the other hand, the gel 
sample prepared from the unspinnable solution has a 
smaller exothermic peak at around IOOWC, suggesting 
that it is of mixed phase. It should be noted, however, 
that the direct synthesis of the mullite phase from the 
amorphous is indicated by the X-ray diffraction analysis, 

Table 1 Crystal phases of heat-treated precunor fibers or non- 
fibers produced from different sol-gel processes. Sample 
N0.a-g: see Figs.1 and 2 for the preparation conditions of the 
mullite fiber precursors. 

I ISamolelS~inna- 1 Calcination Tem~erature C I 
Method NO. b i  1 i t y .  400 1600 1 700 1800 1 1000 11300 

b I o I A ~  l ~ u l ~ u  I M U I M U ~ M U  

* 0 ,  s p i n n a b l e .  X : u n r p l n n a b l e  
r r  A m .  amorphous.  M u .  n u l l i t e .  

( ) : v e r y  p o o r l y  c r y s i n l l i r e d  

1'0 2'0 3b 40 sb . 
2 8 ( C u  K a )  

Fig. 3. X-ray diffraction pattems of heat-treated precursor fibers 
prepared from a solution of Method A(a) composition 
[Al(OPr')~mol/Al(NO~)~mol=2/1 and H~0moU(AI+Si)rnol=20/11. 

- -  : . 
ZOO 100 600 800 1 0 0 0 1 Z O O  

Temperature ( X) 

Fig. 4. DTA curves of solid phases obtained by Method A and 
Method B. a, e: spimable, d, f: unspinnable. Sample No. a, d, 
e and f : see Figs.1 and 2 for the preparation conditions of 
the mullite fiber precursors. 
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by which is meant that the gel sample is different in 
extent of ununiformity from the mixed phases discussed 
so far by other researchers. It is observed in this study 
that the crystalline mullite phase was found in the sample 
heat-treated at a fairly low temperature of 600'C. This 
compares with around 1 W C  which is generally ac- 
cepted as a temperature at which the amorphous phase is 
crystallize into the mullite phase. This probably results 
from the presence of the structures close to those of mul- 
lite in the precursor fibers, which are crystallized into the 
mullite phase by heat-treatment canied out at as low as 
600°C. 

33. nAl- and 29Si-NMR Analysis of Solution 
1) nAl-NMR Spectra of Spinnable and Unspinnable Solu- 

tions 
Figure 5 shows the 2 7 ~ ~ - ~ ~ ~  spectra of the spinnable, 

viscous solutions (a and b, so marked in Figs. 1 and 2). and 
the results of the linear analysis. It also shows the " ~ 1 -  
NMR spectra of the unspinnable solutions (d and f) about 
to be gelled. In any case, the spinnable, viscous solutions 
have sharp peaks O and Q at 0 and 4ppm, and a broad peak 
O at -15ppm. Furthermore, the solution prepared by 
Method A has a broad peak @ at around -28ppm, in addition 
to the above. On the other hand, the unspinnable solutions 
have broad peaks at around 0 and 62ppm, the latter being 
marked with O in the figure. In general, the analysis of the 
bonding conditions of A1 has been made with [ A I ( H ~ O ) ~ ] ~ ~  
as the reference, considering that A106 having a peak at 10 
to -2Oppm to be relevant to the oxtahedral coordination and 
A104 having a peak at 30 to 80ppm to be relevant to the 
tetrahedral coordination,I9' based on which the peaks found 
at around 0,4, -15 and -28ppm are considered to be relevant 
to the octahedral coordination, and that having a peak at 
around 62ppm to the tetrahedral coordination. More cir- 
cumstantially, the peak found at Oppm is relevant to 
[A~(H~O)~]'+, and its rotational movement is prevented by 
the interactions with the neighboring atoms, judging from 
its broadness. The peak at 4ppm is relevant to [(H,O),Al(p- 
OH)~AI(H~O)~]~+ (hereinafter referred to as A1-0 dimer)."' 
Those found at around -15 and -28ppm are to the structures 
in which Al-0 bonds are connected to, and interacted with, 
each other, like those in a polymer (such a structure is 
hereinafter referred to as alminoxane polymer), knowing 
that the A1-0 bonds, when combined with each other, cause 
A1 in the octahedral coordination to show a peak at a mag- 
netic field higher than Oppm and the peak is characterized 
by being broad.'" Here, the peak found at around 62ppm 
may be relevant to the tetrahedral coordination of A1 con- 
sisting of Al-0-Si bonds,2'' or to the tetrahedral coordination 
of A1 positioned at the center of [~104~112(0~)~(~20)12]'~ 
(hereinafter referred to as All? po~~cation).'~) The peak at 
62ppm is not found in the spinnable, viscous solution, from 
which it is considered that it represents the tetrahedral coor- 
dination of A1 positioned at the center of the ~ l , , "  polyca- 
tion. It is observed in the results by both Methods A and B 
that the ~1,: cation is found in the solution just short of 
gelation, as the AI(OPr')JAl(NO3), ratio increases, which is 
accompanied by broadening of linearity at around Oppm. 
As a result, the solution no longer shows spinnability. It 
may be thus considered that expression of spinnability is 
prevented by the presence of the AI,? polycation and for- 
mation of the three-dimensional polymer having the A1-0 
bond.2" The results by Method A differ from those by 

a 

F: ppm from ppm from 

a 
[A1 (H,G).I.' 

V] 

10050 0-50-100 10050 0-50-100 
ppm from [A1 (HIO).l" ppn from [ A L  (H20).13' 

M e t h o d  A M e t h o d  B 

Fig. 5. "AI-NMR spectra and their h e  shape analyses of the 
spinnable solutions through Method A and Method B. Sample 
No. a, d, e and f:see Figs. 1 and 2 for the preparation conditions 
of the mullite fiber precursors. 

50 0 -50-50 -100 
ppm from ppm from 
[Al (U,Ol.l" TMS 

(1) ( 2 )  

Fig. 6. Changes of 2 ' A l - ~ ~ ~  spectra (1) and n ~ i - ~ ~ ~  spectra 
(2) of the solution during concentration process. 
Method A (a) composition [AI(OPr')~moUAI(NO~)~mol 
=UIHzOmoU(Al+Si)mol=20/1] 

Method B in an Al(OW)JAl(N03)3 ratio range from 511 to 
711 mollmol, as shown in Figs. 1 and 2. In Method B, TEOS 
is added to the system after aluminum isopropoxide is com- 
pletely hydrolyzed with an aqueous solution containing 
aluminum nitrate. In Method A, on the other hand, 
aluminum isopropoxide and TEOS are simultaneously 
added to an aqueous solution containing aluminum nitrate, 
which causes silicon alkoxide to affect hydrolysis of al- 
minum alkoxide. This conceivably prevents formation of 
the three-dimensional polymer having the A1-0 bond during 
the concentration process. 

2) Changes in A1 and Si Bonding Conditions during Con- 
centration of Spinning Solution 

Figure 6 gives changes in " ~ l -  and "S~-NMR spectra 
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while the spinnable solution "a" (shown in Fig. I, prepared 
by Method A) is concentrated. The spinnable solution "e" 
(shown in Fig.2, prepared by Method B) has similar spectral 
changes during the concentration process, though not 
shown. First, the diluted solution ([Al]=0.03lg/g of sol) has 
peaks at 0 and 4ppm. The peaks at 0 and 4ppm are, as 
discussed earlier, relevant to octahedral-coordinated A1 in 
[AI(H~O)~]> and A1-0 dimer structures. This solution, 
while being concentrated, has the peak at 4ppm increasing 
in its intensity and, at the same time, a broad peak at a 
magnetic field higher than Oppm. The 2 9 ~ i - ~ ~ ~  spectra, 
on the other hand, are characterized by the peak of tetraethyl 
silane (TMS) at -8lppm. Its peaks change little as the 
diluted solution ([Si]=O.Ollg/g of sol) is concentrated, ex- 
cept for very small peaks found at -88 and -93ppm. In 
general, the peak at -8lppm is relevant to Q', that at -88ppm 
to Q2 or Q4 (3A1), and that at -93ppm to Q' or Q4 (2A1), 
where Qn is Si bonded to the SiO, tetrahedron, n is number 
of oxygen atoms bonded to the Si04 tetrahedron, Qn (mAl) 
is A1 bonded to the SiO, tetrahedron, 05n54, and ( K ~ M . ~ ~ '  
26' It is considered that the peaks at -81, -88 and -93ppm 
are relevant to, judging from their relative intensity, 
(OH)3Si-O-Si(OH)3 (siloxane dimer) and an oligomer con- 
sisting of several siloxane units (hereinafter referred to as 
siloxane oligomer), or the siloxane dimer and a polymer 
consisting of several A1 atoms and several siloxane units. It 
is also considered, if the latter is the case, that the peak of 
A1 bonded to Si overlaps one of the peaks of A1 shown in 
Fig.5. 

To summarize: the atomic level A1 and Si, such as A1-0 
dimer, [A~(H~o)~]'' and siloxane dimer, are predominant in 
the diluted solution. Concentration of such solution is ac- 
companied by bonding of some [AI(H~o)~]'+ units to others, 
to form A1-0 dimer and increase its proportion in the sys- 
tem,'" and also by advent of oligomer or siloane oligomer 
having Si-0-A1 bond. Further concentration of the solution 
to a stage immediately before spinnable concentration 
([A1]=0.086g/g of solution, [Si]=0.032g/g of solution) in- 
creases concentrations of oligomer or siloxane oligomer 
having Si-0-A1 bond and aluminosilixane polymer, to help 
the solution show spinnability. The unspinnable gel-like 
substance, prepared by hydrolyzing the aqueous TEOS sys- 
tem for concentration in the presence of nitric acid as the 
catalyst, has a broad peak at -115ppn-1, as revealed by the 
29 Si-NMR analysis. No such peak is found in the spinnable 
solutions prepared by Methods A and B, from which it is 
considered that spinnablity is not affected by the Si-0 bond 
which is incapable of forming the three-dimensional shuc- 
tures and remains mostly as siloxane dimer. 

3.4. Structures of Precursor Fibers 
The structures of precursor fibers are characterized by 

alumino siloxane polymer, oligomer or siloxane oligomer 
having Si-0-A1 bond, AI-0 dimer, siloxane dimer and 
[AI(H~o)~]", which are bonded to each other directly or via 
neighboring water molecules by hydrogen, ionic or coor- 
dination bonding. Microscopically, such a system consists 
of two portions, one being characterized by A1 and Si which 
are mixed at atomic level, though not bonded to each other, 
and the other by these atoms which are not mixed at atomic 
level. The former portion is represented by A1 ion and 
siloxane dimer, and the latter by aluminosiloxane polymer 
and siloxane oligomer. Heat treatment of the fibrous precur- 
sor to transform it into the mullite phase proceeds in several 

steps. First, dehydration occurs at around 160'C. to deprive 
siloxane dimer, [AI(H~o)~]'+ and Al-0 dimer, in which A1 
and Si are mixed with each other at nearly atomic level, of 
their water of hydration. Elimination of hydroxide group 
follows at 200 to 300°C. Those portions in which A1 and 
Si are present in a ratio close to the mullite composition are 
crystallized at around 600°C, without showing definite ex- 
othermic peak in the DTA analysis, i.e., essentially without 
being accompanied by rearrangement of the atoms. At 
around 100O0C, those portions which have not been crystal- 
lized into the mullite phase are transformed into the mullite 
phase, which is accompanied by the sharp exothermic peak 
in the DTA analysis. It is also considered that 
aluminosilixane and siloxane polymers, being not developed 
three-dimensionally, are transformed into the mullite phase 
in this stage. 

Figure 7 presents the SEM images of the precursor fibers 
and those fibers fued at 1300°C for lh, prepared by Methods 
A and B. Each of the precursor and fired fibers has cracks, 
but densified highly. It is generally observed that the reac- 
tion process of metallic ions in which diffusion is involved, 
being accompanied with growth of the crystallites, is char- 
acterized by the large grains present in the product, which 
also supports uniformity of the systems prepared in this 
study. 

4. Conclusions 

1) The mullite precursor fibers are prepared by two methods, 
one being characterized by the simultaneous addition of 
aluminum isoproposide and TEOS to the aqueous solu- 
tion containing aluminum nitrate, and the other by the 
separate addition of aluminum isopropoxide and TEOS, 

p r e c u r s o r  f i b e r  
M e t h o d  A M e t h o d  B 

Fig. 7. SEM images of precursor and calcined fibers by Method 
A and Method B. 

Method A:(a) composition [ A I ( o P ~ ) ~ ~ ~ v A I ~ O ~ ) ~ ~ ~ I = ~ / ~ .  
H~OmoV(AI+Si)mol=20/1] Method B:(e) composition 
[AI(OW)3mol/AI(NO3)~mol=2/1, HDmoV(A1+Si)mol=20/1] 
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in this order. 
2) The solutions prepare by the former method has a wider 

spinnable region, shown on the map in which molar 
H,O/(Al + Si) ratio is plotted against molar 
A1(OPi)3/A1(N03)3 ratio, than those prepared by the lat- 
ter method, indicating that expression of spinnability is 
related Al and Si bonding conditions in the solution. 

3) The precursor fiber consists of Al and Si atoms, 
aluminoxane polymers, and siloxane oligomer. It has a 
single, sharp peak at around 1000'C in the DTA curve, 
by which is meant that it will be transformed into the 
mullite phase through the rearrangement of the atoms, 
without being accompanied by diffusion of these atoms. 
When fired, it is crystallized into the mullite phase at 
around 600°C directly from the amorphous state, from 
which it is judged that it already has the structures com- 
positionally similar to the mullite phase. 
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To study the effect of process-related oxidation on 
microstructure and mechanical properties of p'-o'sialon, 
green compacts of a Silicon nitride powder and boehmite 
sol were prepared through mixing, calcination and 
dewaxing processes, followed by sintering and HIPing. 
With progressive oxidation of the Silicon nitride powder 
in processing, the amount of 0'-phase increased and the 
grin size of 0'-phase was changed. With increasing 
amount of 0'-phase in the sintered body, the lattice con- 
stants of P'-phase and hardness inceased. the high 
temperature flexural strength of p'-o'sialon ceramics 

represented by the amount of 0'-phase in HIPed body. This 
method is easy to understand because the amount of 0'- 

phase can be dealt with as one parameter in studying the 
effect of mixing and dewaxing conditions on the sintered 
body. In this work, we prepared three kinds of samples 
under varied manufacturing conditions and evaluated the 
relationship between the manufacturing conditions and the 
microstructure and mechanical properties in terms of the 
amount of 0'-phase. 

was governed by mixing conditions rather than by the 
0'-ahase ratio. 2. Experimental Method 
[~dceived November 30, 1990; Accepted May, 23, 19911 

Key-words: p'-o'sialon, Silicon nitride, Si3N4, Boehmite, 
HIP, Microstructure, Strength, Hardness, Mechanical 
properties. 

1. Introduction 

Sialon ceramics, together with silicon carbide and silicon 
nitride, are promising as a material for engines.'"' In par- 
ticular, P'-o' salon, produced by adding only alumina as an 
assistant to silicon nitride, is attracting considerable atten- 
tion because of its high strength at high temperatures and 
its high resistance to oxidation."13' The recent researches 
on sialon have revealed that a small quantity of oxygen 
contained in silicon nitride changes the ratio of p-phase to 
0'-phase and the mechanical The oxygen 
content that has an effect on sialon should include not only 
the oxygen content in silicon nitride but also the oxidation 
of silicon nitride powder occuning in the manufacturing 
process before sintering. It is, therefore, important that the 
chemical composition of green compact to be sintered be 
identified as Si3N4-SO2-A1203. In determining the oxygen 
content by direct analysis, however, there are problems of 
the increase in oxygen content on grinding for analysis and 
the impurities entering from the grinding equipment. For 
this reason, it is very difficult to exactly determine the 
oxygen content by wet analysis in each process of usual 
method for manufacturing ceramics, including mixing, 
drying, pressing, dewaxing, and sintering. 

The authors reported6' that we found a method for deter- 
mining the 0'-phase in sialon, that the oxygen content in a 
sample can be estimated indirectly from the amount of 0'- 

phase found in sintered body, that the process-related oxida- 
tion can be investigated, and that the oxygen content can be 

Figure 1 shows the process flow for preparing samples. 
The starting material used in this experiment were a-Si3N4 
powder (Ube Industries, Ltd., oxygen content: l.lwt%) and 
alumina sol (Nissan Chemical Industries, Ltd.). The 
alumina content in the alumina sol was determined from the 
residual quantity after calcining at 1200°C. Two materials 
were weighed so that the residual quantity of A1203 is 9wt%, 
and then mixed with deionize water. The mixing was per- 
formed by using an attrition mill (hard) for 6hrs and using 
a ball mill (soft) for 20hrs. The mixture was dried at llO'C 
and calcined in the air at 500°C or 900°C for 2hrs after being 
passed through a 0.5mm screen. This calcined mixture was 
again mixed with deionized water by means of the above 
described ball mills. Then, the mixture was dried at llO'C, 
passed through a 0.5mm screen, and prepressed into 
25x80x20mm sample under 30MPa by using a metal mold. 
After that, the sample was pressed by CIP under 300MPa. 
This compact was dewaxed and sintered in the air at 500°C 
and 900°C for 2hrs each. Table 1 gives the process condi- 
tions for different samples. The obtained compact was 

Mixin 

Calcination 

Mixing 

Pressing 

Dewaxing 

Sinterin 

Fig. 1 P'-o' sialon process flow. 
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Table 1. !3'-o' sialon process conditions. 

Mixing Calcinated Dewaxed 
process Method Temp. Temp. 

(%) ('C) 
A s o n  soo soo 
B Hard 900 500 
C Hard 900 900 

Table 2. Density and 0'-phase ratio after HIPing in p'-o' sialon. 

Density o' ratio 
process after HIP after HIP 

(gIcm3) (~01%) 
A 3.123 19.4 
B 3.083 24.1 
c 3.033 32.0 

sintered at 1900°C under lMPa of N, for Zhrs, and then 
HIPed at 1900°C under 190MPa of Ar-N2 mixture gas (N2 
partial pressure:20MPa) to yield P'-o' sialon measuring 
about 2Ox65x15mm. The quantitative analysis of o' sialon 
was performed by the analysis method reported previously 
on the basis of the X-ray diffraction peak. For X-ray dif- 
fraction, the cut surface that has been mirror polished was 
irradiated directly with X-rays. The 0'-phase ratio of the 
sintered body was determined from the reflection integral 
strength on (101), (210) planes of kSi3N4 and (1 lo), (020) 
planes of Si2N20 by using the following equation. 

(0' - ratio) = I 0'110 + I 0'020 x 100 I 0'110 + 1 o'mo + I 13'101 + I P ; , o  

The 0'-phase ratio in volume of each sample was deter- 
mined by using the relationship6' between the 0'-phase ratio 
obtained from the X-ray diffraction and the 0'-phase ratio 
obtained from the image analysis results of EPMA 
photographs. In addition, the shape of 0'-phase was inves- 
tigated by observing the polished surface by EPMA. Part 
of sintered body was ground, and the lattice constant of 
P'-phase was measured by X-ray diffraction with metallic 
silicon as an internal standard. To evaluate mechanical 
properties, Vickers hardness was measured under a load of 
20kg for 15seconds, and three-point bending test was made 
at 1350'C in the atmosphere in accordance with JIS. 

To investigate the phase produced in sintering, the phase 
was identified by X-ray diffraction on the samples prepared 
by sintering at 1750°C for 5 minutes or 1800 '~for  5minutes 
or 1900°C for 2hrs under lMPa of N2 for the samples ob- 
tained by processes A and B in Table 1. 

Additionally, to find the average composition of each 
phase of HIPed specimen, the HIPed specimen prepared by 
process B was observed with a TEM. For grains identified 
as P'-phase and 0'-phase by electron diffraction in trans- 
mission electron microscopy, five grains for each sample 
were analyzed to determine the A1 concentration by wt% 
under the condition that the sum of Si and A1 is 1. 

3. Results 

Table 2 gives the density and 0'-phase ratio after HIPing 
for the samples prepared by different processes. The con- 
ditions of mixing and heating are severer in that order of 

~ciety of Japan, Int. Edition Vol. 99-645 

process A, B, and C, severer oxidation occurring. In this 
table, the density decreases in that order; conversely, 0'- 

phases ratio increases in that order. 
Figure 2 shows the relationship between 0'-phase ratio 

and P'-phase lattice constant for the sample prepared for 
different processes. The lattice of $'-phase increases al- 
most linearly for both a- and c-axis as the 0'-phase ratio 
increases, though there are some deviations. The lattice 
constant of 0'-phase increased with the increase in 0'-phase 
ratio, with large deviations (the result is not shown in the 
figure). 

Figure 3 shows the electron-probe microanalizer pictures 
of P'-o' sialons after polishing for samples prepared by 
different processes. As the 0'-phase ratio increases, the 
area ratio of 0'-phase corresponding to the dark portions in 
the picture, and its size increase. The size of 0'-phase was 

15 20 25 30 35 

o'phase ratio (~01%) 

Fig. 2. Effect of 0'-phase contents on p'-sialon lattice constants 
for the HIPed specimen. 

Fig. 3. Electron-pmbe microanalir pictures of !3'-o' sialons 
after polishing. (A): process A, (B); process B, (C); process C. 



Vo1. 99-646 Journal of the Ceramic Society of Japan, Int. Edition Yabuta, K .  et al. 

about 15pm for process A producing 19.4~01% 0'-phase 
ratio, about 3pm for process B producing 24.lvol%, and 
about 8pm for process C producing 32.0~01%. 

Table 3 gives the average Al content of five grains of 
P'-phase and 0'-phase obtained by TEM analysis. The A1 
content ranged 8-13wt% for P'-phase, and 2-4wt% for 
0'-phase. 

Figure 4 shows the effect of 0'-phase content on three- 
point bending strength at 1350°C and Vickers hardness for 
the HIPed specimen. These values are denoted by block 
circles and black triangles, respectively. As the 0'-phase 
ratio increases, the hardness increase proportionally, but the 
high-temperature strength has a peak value, which is 
650MPa for process B of 24.1~01%. 

Table 4 gives the phase composition of the specimen 
prepared by processes A and B with different sintering con- 
ditions. The sintering conditions were 1700'C for Sminutes, 
1800°C for 5minutes, and 1900°C for 2hrs. The x-phase is 
detected for process A but not for process B at a sintering 
temperature of 1800°C. The 0'-phase is not detected even 
at 1800°C for process A, but is detected at 1700°C for 
process B. 

4. Discussion 

4.1. Difference in Density of HIPed Specimen with 
Process 

As shown in Table 2, the density after HIPing changes 

Table 3. EDX analysis of the specimen prepared by process B 
condition. 

At content (W%) 

p'-sialon grain 8-13 

0'-sialon grain 2-4 

0' phase contents (~01%) 

Fig. 4. Effect of 0'-phase contents on 3-point bending strength 

at 1350'C and Vicken hardness for the HIPed specimen. 

Table 4. Phase compositions of the specimen prepared by 
processing (A) and (B) with different sintering temperature. 

Sintering Conditons 
Process 1700% 1800% 1900% 

Smin 5min 2hour 
A @,x 4 P . x  LO 

greatly with the manufacturing process. In the electron- 
probe microanalyer picture in Fig.3, pores are not found; the 
specimens are fully dense for all processes. Judging from 
the fact that the density of 0'-phase is 2.815g/cm3.'" and 
that of P'-phase (2;l) is 3.123g/~m','~' the difference in- 
tensity may depend on the 0'-phase ratio in the structure. 

On the other hand, since any process uses the same start- 
ing materials, it is considered that the difference intensity 
results from the oxidation of silicon nitride yield in the 
manufacturing process. In this study, the oxidation of 
silicon nitride powder occurs mainly in the alumina sol 
mixing process, calcination process in the air, re-mixing 
process after calcination, and dewaxing process. Naturally, 
process C where dewaxing is done of 900°C produces higher 
oxygen content than process B where dewaxing is done at 
500°C. In process A, oxidation of silicon nitride is restricted 
more than process B in mixing, calcination, and re-mixing 
processes; therefore, lower oxygen content is provided. The 
difference in oxygen content produces the change in the 
amount of 0'-phase, and in turn the change in the density 
of HIPed specimen. 

4.2. Increase in Oxidation and p-phase Lattice 
Constant Due to Process 

Figure 5 shows a part of the phase diagram reported by 
Naik et a1.I6' and the starting materials in the present work 
(point a). Since the silicon nitride powder for raw material 
contains l.lwt% of oxygen, the starting composition is rep- 
resented as Si3N4 89.lwt%, Si02 1.9wt%, and AI2O3 
9.0wt%. Since the ratio of cation (Si/Al) is kept constant 
even when oxidation occurs in the process, it is considered 
that only the ratio of anion (Om) changes. The average 
composition of the system shifts from point a to point b, c 
and d toward Si02 side as the oxidation proceeds. All these 
points in Fig.5 are in the region where P'-phase and 0'- 

phase co-exist. It is considered that a tie lines (lines con- 
necting the equilibrium composition of P'-phase to that of 
0'-phase) exist as shown in Fig.5. These tie lines move to 
the opposite side of Si3N4 as the oxygen content increases, 
i.e. point a shifts to point d; the intersection of the tie line 
and P'-phase moves gradually in the direction apart from 
Si3N4. Since this intersection is the composition of P'- 
phase existing for equilibrium of a, b, c, and d point com- 
positions, the Z value at the P'-phase (Si,, AlZOZ N,,) may 
increase with the increase in oxygen content. Mitomo et al. 
reported that the P'-phase lattice expands with the increase 
in the Z value of P'-phase.'4' It is considered, therefore, 

Fig. 5. Compositions investigated in present work shown as a 

part of S~IN~-S~O~-AI~O~-ALN phase diagram. 
a: Composition calculated from stwing materials. 
b-d: Compositions of sintered bodies having various oxygen con. 
tents. 
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that the expansion of lattice with the increase in 0'-phase 
results from the increase in the Z value of P'-phase existing 
in equilibrium. 

Considering that the tie lines in fig.5 do not cross, and 
that the Z value increases with the increase in the amount 
of 0'-phase as shown by the experimental results, the dis- 
solution limit of A120, into the 0'-phase must be lower than 
the A120, content in the starting composition; lower than 
x=0.167 when representing as Siz., AI,01+,N2.,. This agrees 
with the result obtained by Trigg et a ~ . ~ '  that the dissolution 
limit is x=0.15 in Si,,A1,0,+,N2.,. In the present experi- 
ment, the lattice constant of 0'-phase slightly increased as 
the 0'-phase increased. However, the change in this phase 
should be studied in the future because the diffraction peak 
was low and the measurement error was large in the present 
experiment. 

4.3. Difference in Oxidation and Structure with Process 
As shown by EPMA in Fig.3, the size of 0'-phase 

definitely differs between process A and process B. The 
possible reasons for this difference are (1) the difference in 
mixing effect and (2) the difference in oxygen content. 
Process A of insufficient mixing may produce large size of 
0'-phase, and process B of uniform mixing may produce 
small size of 0'-phase. As reported previously, however, 
on the specimen whose amount of 0'-phase was changed 
by mixing under the same condition and changing the 
oxidation conditions, the average longer diameter of 0'- 

phase decreased with the increase in 0'-phase ratio in the 
range of 11.0 to 23.1vol%.~' In the present work as well, 
the same trend as that described in the previous report is 
found for process A of 19.4~01% 0'-phase and process B of 
24.1~01%. Therefore the difference in size of 0'-phase can 
be explained in terms of either the difference in mixing 
effect or the difference in oxygen content. 

The phase given in Table 4 are the phase found when the 
specimen are cooled to normal temperature after sintering. 
The x-phase may exist as liquid phase during sintering and 
then deposit during cooling since this phase does not exist 
in the phase diagram of Naik et al.I6 '  at 1800'C. The results 
given in Table 4 indicate that 0'-phase is less prone to 
deposit for process A than process B, prolonging the life of 
liquid phase. This fact may result from the difference in 
mixing, that is, the prolonged liquid phase may be ascribed 
to poorer mixing in process A than in process B. However, 
this fact can also be explained in terms of the oxygen con- 
tent. The liquid phase yielded on sintering may have a 
composition in which a small amount of silicon nitride dis- 
solve into the oxide of A1203 and SiOz. Since the sample 
of process B, which oxidizes vigorously in the process, has 
a higher Si02 content than the sample of process A, the 
yielded liquid phase has a lower a1 content. As described 
in 4.2, the A1 content of 0'-phase is lower than the average 
composition. Considering the cation ratio (SiIAl), the liq- 
uid phase produced by process B has a composition closer 
to that of 0'-phase than the liquid phase produced by process 
A. From the fact that process B which has a small dif- 
ference in composition between liquid phase and 0'-phase, 
provides more rapid deposition than process A with a larger 
difference in composition, the difference in the life of liquid 
phase can be understood. 

4.4. Relative Ratio and Mechanical Properties 
The three-point bending strength at 1350°C reaches its 

maximum value for 24.1~01% 0'-phase. This fact must be 
investigated in terms of both the effect of mixing and the 
oxygen content as discussed in 4.3. In Fig.4, the white 
circles and triangles denote the three-point bending strength 
and hardness, respectively, at 1350°C for the specimen 
whose oxygen content is controlled by dewaxing at different 
temperat~res.~' In the experiment, the same raw materials 
as those in the present experiment were used. the materials 
were mixed in a ball mill for 20hrs, and then a binder was 
added to them to produce grains by spray drying. Therefore, 
the powder packing in the compact may be more uniform 
than that for process A in the present experiment. In the 
specimen system used in the previous experiment, the 
mixing condition of silicon nitride and alumina was kept 
constant because the dewaxing temperature was the only 
parameter. The results of previous work reveals that the 
three-point bending strength at 1350°C decreases in accord- 
ance with the amount of 0'-phase if the mixing condition 
is equal. In the present experiment, the samples of proces- 
ses B and C are mixed in nearly the same condition by using 
the same stirring type ball mill, and have different oxygen 
content. The higher strength of sample of process B than 
that of process C results from a smaller amount of 0'-phase 
in the HIPed specimen; that is, the difference in strength is 
ascribed to the difference in oxygen content. From the 
viewpoint of the amount of 0'-phase, the three-point bend- 
ing strength for process A is expected to be higher than that 
for process B; nevertheless, the strength was found to be 
lower in the present experiment. This may be because of 
nonuniform mixing. At normal temperature, five specimens 
for each process were subjected to the bending test. The 
result showed a large variation, so that no difference in 
strength with process was not found. The SEM observation 
of fracture surface at normal temperature revealed that on 
almost all specimens, fracture started at a surface defect that 
might be formed in preparing the specimen. It was, there- 
fore, judged that the normal-temperature strength did not 
represent the difference in process. For this reason, the test 
result of normal-temperature strength has been excluded 
from this report. For the test at 1350°C. the variation in 
strength is within about 5% for all processes. It is, there- 
fore, judged that the strength at 1350°C represents the dif- 
ference in process. The SEM observation of fracture 
surface at 1350°C did not identified the origin of fracture 
because the fracture surface oxidized. 

The hardness increased linearly as the amount of 0'- 
phase increased in both the previous and present experi- 
ments. This fact agrees with the fact reported by Larker et 
a1.I7' that the 0'-phase has higher hardness than the P'-phase. 
The hardness may depend mainly on the phase ratio and not 
be affected greatly by other factors. 

5. Conclusions 

Dense sialon samples were prepared by changing the 
mixing, calcination, and dewaxing conditions from silicon 
nitride and alumina sol to study the relationship between 
these conditions and microstructure and mechanical proper- 
ties. The results are as follows: 
1) As the oxidation in process is violent, the amount of 

0'-phase in the sintered body increases. 
2) Even if the same starting materials are used, the deposi- 
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tion behavior of 0'-phase and the life of transient liquid 
phase producing in sintering differ greatly with the dif- 
ference in process. 

3) As the amount of 0'-phase in the sintered body increases, 
the lattice constant of P'-phase increases. 

4) The hardness depends on the phase ratio, whereas the 
high-temperature strength is affected by not only the 
phase ratio but also the mixing condition. 
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Internal friction and shear modulus in MgA1204 spinel 
doped with gallium oxide or alumina were measured 
from room temperature to 1473K. An internal friction 
peak was observed at  1123K and the peak area was 
proportional to the concentration of gallium oxide or 
alumina in the spinel. The activation energy of the stress 
induced diffusion of cation vacancies increases from 
200kJ/mol to 450kJ/mol with increasing gallium oxide 
concentration. Effects of ionic radius and gallium and 
aluminum ion concentration on internal friction peaks 
have been discussed. 
[Received December 11, 1990; Accepted May 23, 19911 

Key-words: Intemal friction, Spinel, Elastic modulus, Ion, 
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1. Introduction 

Oxides, nitrides etc. are industrially used as aids for the 
sintering of ceramics. Such sintering aids react with them- 
selves and matrix, then form double oxides and oxy-nitrides. 
Tertiary and quaternary compounds added as sintering aids 
either combine with compounds formed during sintering 
(producing more complicated double oxides and oxy- 
nitrides) or dissolve in com~ounds. If an oxide dissolves in 
a double oxide formed by the reaction to sintering aids in 
case of the valency of metallic ion in oxide as an sintering 
aid differ to that of double oxide, ion vacancies are formed 
in double oxide. Intemal friction peak are observed in such 
compounds having ion vacancies. 

Magnesium aluminate (MgA1204) spinel is a compound 
produced by the reaction of alumina with magnesium which 
often used as a sintering aid for alumina ceramics. The 
spinel dissolves alumina and gallium oxide.2"' 

The present work is studied on the effect of concentration 
and ion radius of gallium and aluminum ion in spinel 
ceramics doped with gallium oxide and alumina, which is 
trivalent metallic oxide with different ion radius, on internal 
friction peak. 

2. Experimental Procedure 

The specimens were made as follows: magnesium 
aluminate powder was mixed with 5 to 50 mol% gallium 
oxide powder (99.9%, made by Kojundo Kagaku) and 

alumina powder (AKP-30, Sumitomo Chemical) as shown 
in Table 1, with a small quantity of ethanol, for 12h in ball 
mills with 5mm zirconia balls. The mixtures were dried and 
about log of each was compressed into a block 2 x 10 x 
100(mm) under a pressure of 20MPa in a hand press mold 
10 x 100(mm). Compressed powder blocks were sintered 
at 1923K in air for 3h. Specimen H was heated at 21233 
for 3h after sintering. It was then cooled down in the fur- 
nace to dissolve alumina in magnesium alumina spinel. 
Thus, dense sintered blocks were obtained with about a 30% 
volume reduction achieved by sintering. The surface were 
ground with a diamond grinding wheel and finally the 
specimens were made into form of plate about 1.5 x 8 x 
70(mm). 

Measurements were made on internal friction and shear 
modulus of the samples in the temperature range from room 
temperature to 14733 in an argon atmosphere by using the 
torsional pendulum with frequencies of 1 to 20Hz. Heating 
and cooling rate during measurements were 5K per minutes. 
A peak shift method were used to calculate the activation 
energy of internal friction peaks and an X-ray diffraction 
method were used to determine the spinel lattice constants 
and the structural phases in the samples. 

3. Results and Discussion 

Figure 1 shows the X-ray diffraction pattern for sample 
E doped with 5011101% gallium oxide into spinel. This pat- 
tern shows no diffraction peaks from gallium oxide as an 
additive but those completely from spinel. Also for 
samples, A, B, C, D, E, G and H, the X-ray diffraction peaks 
were identical to those from spinel. As the relation between 
additive concentration and spinel lanice constant, the lattice 

Table 1. Chemical composition and internal friction charac- 
teristics of the spinel ceramics doped with gallium oxide or 
alumina. 

Sample Gaz01 Ah01 AMDM Q.lpeak Half T, 
width 

(mol%) (mo18) ( ~ 1 0 . ~  (~10.)) 6) (K) 
A 5 - 8.6 8.4 151 1101 
B 10 - 8.9 8.9 151 1108 
C 20 - 15.8 12.9 157 1111 
D 30 - 25.9 16.2 156 1116 
E 50 - 32.7 23.4 171 1159 
F 5 12.9 12.5 I34 1111 
G - 20 47.4 57.1 148 1131 
H - 40 74.9 77.9 172 1143 
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constant increases in proportion to gallium content and 
decreases in proportion to alumina content as shown in 
Fig.2. According to the phase diagrams shown by G. Katz 
et al., spinel dissolves gallium oxide by about 70mol% at 
1923K and by about 5211101% at 1 2 7 3 ~ . ~ '  According to 
other phase diagrams and results by Y. M. Chiang et al., 
spinel dissolve alumina by 3011101% at 1973~.'.~' All this 
suggests that the gallium oxide and alumina in the samples 
in the present work were completely dissolved in spinel. 

Figure 3 shows the temperature dependence of the inter- 
nal friction and shear modulus measured with a frequency 
of 15Hz for sample C having 20mol% gallium oxide dis- 
solved in spinel. As the temperature rises, the internal fric- 
tion increases gradually at first, then rapidly at temperatures 
above around 923K, reaching a maximum of 24.5 x 10.~ at 
1123K. It then decrease in the temperature range up to 
around 1300K and subsequently turns upward again. The 
intemal friction peaks observed during heating and cooling 
were coincided within the experimental error which was 
less than 0.1 x 10.~. No temperature hysterysis was ob- 
served in the temperature dependencies of internal friction. 
No temperature hyterysis are also observed in internal fric- 
tion of the samples, A, B, D, E, F and G. Figure 3 also 
shows the temperature dependence of the shear modulus 
measured at the same time. As the temperature rises, the 
shear modulus decreases gradually. At around 700K. the 
temperature coefficient of shear modulus begins to increase, 
then reach a maximum at around 1123K which is the inter- 
nal friction peak temperature. Temperature coefficients of 
shear moduls at 1200K or above are close to tha at 1000K. 
The temperature curve of shear modulus varies reversibly 

Fig. 1. X-ray diffraction panem showing that samples E consist 
of the spinel only. 

without the temperature hysteresis as same as that of internal 
friction. The temperature coefficient of shear modulus to 
be large in the internal friction peak temperature range was 
observed in all samples. It is known as the AM effect, 
which denotes decreases in shear modulus related with in- 
ternal friction value at the peak. The values of AM effect 
are shown in Table 1. 

Figure 4 shows the temperature dependence of the inter- 
nal friction measured with 17.3 and 10.5Hz for samples B 
and C respectively, which differ in gallium oxide content. 
The temperature and value of the intemal friction peak for 
sample B are 1138.83 and 15 x 10" respectively and those 
for sample C are 1128.3K and 26 x 10.' respectively. Peak 
temperatures depends on the measurement frequency. As 
the measuring frequency increases, the peak temperature 
shifts toward the high temperature side. The peak tempera- 
tures at a frequency of 16Hz were calculated from the rela- 
tion between frequencies and peak temperatures measured 
with 4 frequencies, as shown in Table 1. As the gallium 
oxide content increases, the peak temperature rises. On the 
assumption that the background of intemal friction increases 
exponentially, the backgrounds for samples B and C are 
shown by dotted and dashed lines respectively as shown in 
~ i ~ . 4 . ~ '  For the other samples, backgrounds of intemal fric- 
tion were determined likewise. The background levels were 
deducted from the measured values to obtain peak values. 
The results is shown in Table 1. 

The relation between intemal friction peak values 
(Q-' peak) and AM effect for samples A through H nearly 
agree with the following equation: 

601  . , , . . , 1 0  

700 8W 900 IOW IIW 1200 I300 

Temperalure T (K)  

Fig. 3. Temperature dependence of internal friction and shear 
modulus in sample C. Open and closed circles are measured 
points obtained on heating and on cooling, respectively. 

Fig. 2. Gallium oxide and alumina cnncenuation dependencies Fig. 4. Temperature dependence of internal friction in samples 
of the lattice parameter of spinel. B and C. B: closed circle, C: open circle 
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This proves that internal friction peaks observed with 
MgAI2O4-Ga203 and MgAI2O4-AI2O3 samples are nearly a 
single relaxation type. As shown in Table 1, the internal 
friction peak increases as the gallium oxide content in- 
creases. Also as shown in Table 1, the half widths of inter- 
nal friction peaks are 151K and 157K for samples B and C 
respectively; as the gallium oxide content increases, the half 
width of the internal friction peak also increases. The half 
width of the internal friction peak also icnreases as the 
alumina content increases. Figure 5 shows the dependence 

Fig. 5. The effect of gallium oxide concentration on internal fric- 

tion peak area. 

Fig. 6. The effect of gallium oxide concentration on activation 
energy of internal friction peaks. 

Fig. 7. Occupied (closed symbols) and unoccupied (open sym- 
bols) octahedral (circles) and tetrahedral sites (triangles) in the 

spinel structure. 

of internal friction peak area on gallium oxide and alumina 
content. The internal friction peak area increases in propor- 
tion to the content of gallium oxide dissolved in spinel. 
Comparing with the effect of gallium oxide and alumina 
content on peak area, the internal friction peak area per 
lmol% of alumina and of gallium oxide are 0.311 and 
0.060K, respectively. The former is about 5 times of the 
latter. 

Figure 6 shows the dependence of activation energy of 
internal friction peaks on gallium oxide content. With a 
511101% gallium oxide sample, activation energy is 
220kJ/mol and with a 50mol% gallium oxide dissolved 
sample, the activation energy of the internal friction peak is 
nearly twice the value of Sample A. As the content of 
dissolved gallium oxide increases, the activation energy in- 
creases markedly. 

It is known that as the content of dissolved alumina in- 
creases, the spinel lattice constant decreases linearly." 
Variations in lanice constants for samples F, G and H under 
the present work show that alumina as the additive was 
completely dissolved in spinel. On the other hand, the lat- 
tice constant of spinel contained the gallium oxide in- 
creases in proportion to gallium content. The ion radius of 
gallium (0.062nm) is larger than that of aluminum 
(0.050nm) and smaller than that of magnesium (0.065nm). 
The increment of lanice constant of the spinel doped with 
gallium suggests that gallium substitute the sites of 
aluminum ions. If all aluminum ions are replaced with gal- 
lium ions, no ion vacancies were not formed owing to 
trivalent gallium ions substituted trivalent aluminum ions. 
As reported by A. Nsvrotsky et al., however, a spinel struc- 
ture with magnesium ions which occupy tetrahedral sites 
and aluminum ions which occupy octahedral sites are ex- 
changed with each ~ ther .~ '  The decrement of lattice constant 
of the spinel doped with alumina is considered to be a result 
of aluminum ions being replaced with magnesium ions 
which have a larger radius than that of aluminum ions. 

Samples showing internal friction peaks are ones having 
a spinel doped excessively with trivalent metallic ions as 
compared with a stoichiometric spinel. If excessively con- 
tained gallium or aluminum ions substitute the sites of mag- 
nesium ions which occupy tetrahedral sites, cation vacancies 
are formed as follows to keep electrical neutrality: 

The results in Fig.5 show that internal friction peaks are 
proportional to the ion vacancy concentrations formed by 
gallium and aluminum ions dissolved in spinel as shown in 
equations (2) and (3). 

As shown in Fig.7, the spinel structure shows that there 
are space between magnesium ions occupying the 
tetrahedral sites and adjoining magnesium ions. Probably, 
ions diffuse through these space shown by open circles in 
~ i ~ . 7 . ~ '  As the gallium concentration increases, the activa- 
tion energy of internal friction peaks increases. This ten- 
dency may be due to the change of in the diffusion route of 
ions as follows: 

The radius of the gallium ion is larger than that of the 
aluminum ion and as the gallium ion concentration in- 
creases, the space shown by open circles may possibly 
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diminish. When trivalent gallium ions occupy the sites of 
bivalent magnesium ions, the electron concentration chan- 
ges and lattice distortion could be grown owing to the con- 
centration of cations having a different radius increases. 
Such change in spinel may cause the activation energy of 
ion diffusion to increase. 

%en the spinel is doped with gallium ions different in 
radius from aluminum and magnesium ions as components 
of spinel, its lattices distort around the gallium ions. When 
the spinel is doped with trivalent aluminum and gallium ions 
as shown in Fig.5, the peak areas depends on the kinds of 
ions. Aluminum and gallium ions are trivalent and the 
forming ion vacancy concentrations are probably identical. 
As shown in Fig.2, the absolute value of the lattice constant 
change per lmo1% of gallium oxide dissolved is smaller 
than that of alumina. This implies that when alumina is 
dissolved, local distortion around its ions is larger than when 
gallium oxide is dissolved. As the result ions and atoms 
move to relax the external alternate stress, relaxation type 
internal friction peaks were observed. The greater the dis- 
tortion relaxed by the movement of one atom or ion, the 
larger the internal friction peak was observed.'" Therefore, 
in the spinel doped with alumina, the local distortion around 
aluminum ions occupying magnesium sites is larger than 
with gallium ions occupying magnesium ion sites. The ex- 
ternal stress relaxed by the movement of one ion is larger 
in the spinel doped with alumina than in the spinel doped 

with gallium oxide. This probably makes the internal fric- 
tion peak intensity higher in the spinel doped with alumina 
than in the spinel doped with gallium oxide. 
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Morphology of Diamond in Radio-Frequency Thermal 
Plasma CVD 

Toyohiko Kobayashi 

Tokai Carbon Co.. Ltd., Fuji Research Laboratory 
394-1, Subashiri, Oyama-cho, Sunto-gun, 410-14 Japan 

Morphology of diamond which was deposited on a 
molybdenum substrate by a radio-frequency thermal 
plasma CVD method in methane, hydrogen and argon 
atmosphere was investigated using a scanning electron 
microscope (SEM). It was found that with increasing 
deposition temperature the habit changed from oc- 
tahedral to cubic, via intermediate cubo-octahedral 
forms. Columnar-like crystals of half-octahedron and of 
multiple twin were grown a t  low and high deposition 
temperatures, respectively a t  a CHJH, ratio of 0.04. 
Twins such as a spinel twin and a 5-fold twins were 
observed. Growth layers such as triangles on {Il l} and 
{loo) faces, well-defined composite spirals with 4-fold 
rotation axis and closed loops were observed. 
[Received January 7, 1991; Accepted May 23, 19911 

syn et al."' Also, it has been reported that the high-speed 
synthesis using thermal plasma produces columnar 
diamond.".14' When radio-frequency thermal plasma is used 
to deposit diamonds, columnar-like crystals are formed,14' 
and various growth layers are found. These aspects are 
different from the morphology that was reported previously. 
This report describes the morphology of diamond that is 
deposited by the radio-frequency thermal plasma CVD 
method with the deposition temperature, deposition time, 
and CH4/H2 ratio being varied. 

2. Experiment 

2.1. Experimental Equipment 

Key-words: Morphology, Diamond, Radio-frequency ther- The radio-frequency thermal plasma equipment is made 

ma1 plasma CVD, Columnar-like crystal, Twins, Growth UP a radiO-frquenc~ Power source with a frequency of 
layers 4MHz and a maximum plate input power of 100KW. a 

reactor, a gas supply system, and an evacuation system. The 
reactor comprises a plasma torch, water-cooled substrate 
holder, and a water-cooled chamber. 

1.Introduction Figure l-A shows the outline of the plasma torch. The 
plasma torch is so constructed as to have a water-cooled 

Diamonds, which have been widely used as dies, cuning 
tools, and abrasives because of their high hardness and wear 
resistance, are now expected to find applications as heat 
sinks, optical materials, and semiconductor materials as at- 
tention has been given to their thermal conductivity, light 
transmittance, and electrical properties. In some field, in- 
dustrial production of diamond is being planning. Since the 
method for synthesizing diamond from gas phase has been 
developed recently, the studies have been actively carried 
out for the purpose of utilizing these excellent properties of 
diamond in a thin film form. 

For the early studies on the synthesis of diamond from 
gas phase, Eversole filed his patent1' in 1958, Augus et al." 
and Derjaguin et al." presented their reports in the 1960s, 
and Matsumoto et aL4'' presented their reports in 1981 on 
the detailed method for synthesizing diamonds by the hot 
filament method. Since then, many synthesizing methods 
have been developed until now. 

The methods for synthesizing diamonds are broadly clas- 
sified into two groups: the hot fi~ament~.~' and the combus- 
tion method6' using thermal excitation and the plasma CVD 
method7-"' using excitation due to electric discharge. The 
deposition form, shape and property of diamond synthesized 
by these methods are common though the depositing condi- 
tions are different. However, the difference in morphology 
is found between the diamond synthesized by the low-pres- 
sure plasma method reported by Kobashi et al.l2' and the 
diamond synthesized by the CTR method reported by Spit- 

I - A  

Fig. 1. Schematic views of a radio-frequency plasma torch (A: 
normal type) and witlfa nozzle at bottom side of it (B): ( 1 )  cool- 
ing water inlet, (2) cooling water outlet, (3) gas inlet. (4) gas 
supply, (5) induction coil, (6) nozzle, (7) substrate holder, (8) 
substrate, and (9) optical senser. 
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quartz double tube with an inner diameter of 60mm around 
which three turns of induction coil are wound and has a gas 
supply at its upper part. It was also used as a torch with 
nozzle'4' by attaching a water-cooled copper nozzle at the 
bottom side of torch (Fig.1-B) 

The water-cooled substrate holder had a mechanism for 
vertical movement. The center of the holder incorporates 
an optical sensor 1.27mm in diameter that connects to the 
external measuring instrument via optical fiber. When the 
substrate is wrapped in plasma flame, it is difficult to 
measure the surface temperature of substrate with an optical 
pyrometer. Therefore, the bottom surface temperature of 
substrate plated in the disk-shaped recess on the holder was 
measured by the optical sensor., The temperature thus 
measured was taken as the substrate temperature.15' 

The substrate used in this experiment was a 15mm-thick, 
20mm-diameter molybdenum plate polished with diamond 
paste of mean grain size of 10pm. When deposition was 
performed by using the torch with nozzle, a 3mm-thick, 
4Omm-diameter molybdenum substrate polished in the same 
manner as described above was used. 

2.3.2.Experimental Method 
The deposition experiments were made by using the 

torch without nozzle (Fig.1-A) and the torch with nozzle 
(Fig.1-B). The procedure for depositing diamonds with the 
torch without nozzle is as follows: First, the torch and 
chamber are evacuated. After replacing with Ar, radio-fre- 
quency power is applied under a reduced pressure, and plas- 
ma is ignited. Then, while sheath gas (Ar+H,) and plasma 
gas (Ar) are supplied, the power is increased. The gas flow 
rate and the power are set. When the pressure in the cham- 
ber exceeds the atmospheric pressure, the discharge valve 
opens. Next, a substrate is inserted in the torch, and the 
substrate temperature is set. CH, gas is supplied from the 
gas supply to deposit diamond on the substrate. 

The procedure for using the torch with nozzle was the 
same as the above except that the substrate is not inserted 
in the torch, and that the deposition is performed under a 
reduced pressure in the chamber. 

The deposition experiment was performed with the flow 
rate of sheath gas and plasma gas kept constant and with the 
substrate temperature, deposition time, and CHJH2 ratio 
being varied. The substrate temperature was regulated by 
changing the contact area between the substrate and the 
holder. The plasma generating condition (input power, gas 
flow rate, etc.) and the position of substrate in the torch were 
kept constant. The contact area between the substrate and 
the holder was changed by changing the width and number 
of O.05mm-deep grooves on the holder.I5' 

Tables 1 and 2 give the conditions of deposition test with 
the normal torch (without nozzle), and Table 3 gives those 
with the torch with nozzle. The morphology was observed 
by using a scanning electron microscope (SEM), and the 
identification of diamond was performed by Raman 
spectrometry. 

3. Results and Discussion 

3.1. Morphology of Diamond Deposited by Using 
Normal Torch 

The deposition was performed for lhour by using the 

Table 1. Conditions of deposition test with the normal torch. 

No Substrate Gas f l o w  rate CH41H2 Deposition 

temp. ( 'c) C H ~  HZ ( 1 I n i n )  rime (mi") 

Pressure = 1 a m .  : Hz flov r a t e  of 6 l/nin mixed with the 

sheath gas and t h a t  of 2 l/min from the center nozzle of supply 

Table 2. Conditions of deposition test with the normal torch. 

No Substrate Gas f l o w  r a t e  CH&/H2 Deposirion 

temp. ( 'C) CHg H2 (ltnin) rime (mi") 

2-1 856 - 762 0.24 6 0.04 300 

2-2 817 - 708 0.20 6 0.033 300 

2-3 831 - 765 0.16 6 0.027 300 

2-4 740 - 695 0.16 6 0.027 220 

Pressure = 1 at.. 

Table 3. Conditions of deposition test by the torch with a nozzle. 

Hz flaw rate : 8 l/nin 

CHq flov rate : 0.32 Ilnin 

CHkIH2 : 0.04 

Substrate temperature : 900'- 892 ' C  

Deposition time : 60 n i n  

Torch  pressure : 580 Torr 

normal torch. The experiment conditions were 52KW of 
plate power, 8 and 6llmin of hydrogen flow rate, and 0.4, 
0.24, and 0.12Vmin of methane flow rate. The position of 
substrate in the torch was kept constant, and the initial sub- 
strate temperature was varied from 720°C to 886°C. At this 
time, the substrate temperature decreased by 20 to 30°C in 
lhour. The reason for this may be that the quantity of heat 
transferring from the top surface of diamond to the bottom 
surface of substrate decreases as the fiim thickness increase. 
The observed morphology of deposits in the center and 
periphery areas is shown in Fig.2, and the conditions of 
deposition are listed in Table 1. The numerals in Table 1 
and Fig.2 correspond to each other. The symbols of (c) and 
(p) in Fig9 denote the center and periphery area, respective- 
ly. 

When the CHJH2 ratio is kept constant, being 0.04, and 
the substrate temperature is increased from No.1-1 to 1-3, 
the morphology in the center differs from that in the 
periphery areas. The morphology appearing in the center 
was similar to that in the periphery areas of specimen 
deposited at higher substrate temperature. This may result 
from the temperature distribution on the substrate (the 
temperature is high in the center and become lower in the 
periphery area). 

Regarding the morphology in the center, columnar-like 
crystals with ( 11 1 ) face only were deposited when the sub- 
strate temperature was low (Fig.2, I-la(c)). On that face, 
small crystals with ( 111 ) face only were formed. When the 
substrate temperature was high, crystal faces with many 
growth layers and (100) faces were observed (Fig.2, 1- 
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2a(c)). At much higher temperatures, cubic twins (Fig.2, (bottom right of Fig.2, 1-4b(c), c(p), d(p); and e(p)) were 
1-3a(c), b(c)), multiple twins (c(c)), and crystals (d(c)) in observed on { 111) and (100) faces, and stripe lines were 
which the area corresponding to the { 11 1 ] face of cubo-oc- observed on the { 11 1 ] face. 
tahedral crystal was depressed and the generation of new The morphology of No.]-5, unlike that of 1-1 through 
faces was found were observed. The growth layer were 1-4, was obtained by using a different gas supply method, 
observed on these faces. in which 6lImin of hydrogen flow rate of 8lImin was mixed 

In No.1-4 with a CH4/H2 ratio of 0.02, growth layers to the sheath gas and 21lmin was blown onto the substrate 

Fig. 2. Morphology of the diamond deposited on center (c) and periphery areas (p) of substrate surface by the normal torch. 
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through the center nozzle in the gas supply. As a result, the 
actual CEk/H2 ratio on the substrate may be considerably 
low. This specimen, unlike other ones, had the center 
(Fig.2, 1-5a(c)) with no film, cubo-octahedrons, cubo-oc- 
tahedron twins, and 5-fold twins being observed. On the 
( 1001 face, many growth layers (b(p), c(p), d(p), e(p), f(p)) 
were observed. 

The observation results in the center and periphery areas 
described above suggest that with increasing substrate 
temperature the habit changes from octahedral to cubic via 
intermediate cubo-octahedral forms. 

Next, the morphology was observed for 5hour deposition 
to investigate the change in morphology with time after the 
start of deposition. The results are shown in Fig.3. In the 
experiment, the plate power was a constant 52kW and the 
hydrogen flow rate was a constant 6llmin. The C H m 2  ratio 
was change from 0.027 to 0.04. The position of substrate 
in the torch was kept constant as with the lhour deposition 
experiment. The substrate temperature decreased with time. 

For No.2-4. the substrate temperature decreased to 700'12 or 
lower by the deposition for 220 minutes, when the deposi- 
tion experiment was suspended. The conditions of experi- 
ment is given in Table 2. In this experiment, observation 
was made by paying attention to the change of morphology 
from the periphery area to the center of substrate. 

In No.2-2, where the C H a 2  ratio was 0.033 and the 
substrate temperature decreased from 817'C to 708"C, the 
change of morphology from the periphery area to the center 
(Figs.3, 2-2, 1-15) was from the deposits having vague 
shape (1) to the columnar crystals with { 11 1 ) face only (2, 
27, the crystals with [ 100 ] face at its end (2,3), the crystals 
with expanded and inclined { 1001 face, and the crystals 
with { 100) face at the opposite side of inclined { 100) face 
(4,5). 

In addition, the change of (100) face generated at the 
end of columnar crystal with { 11 1 ) face only was observed 
in detail in No.2-3 (Fig.3, 2-3, 1+4). The (100) face 
generated at the end of columnar crystal grew at the area 

Fig. 3. Morphology of the deposition diamond on the substrate from periphery to center areas of 

2 - 4 . 2  its surface by the normal torch : l+x. 
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closer to the center. Some had bent and octagonal {100) 
face (1') was also observed. This face inclines more than 
that of crystal far from the center. The crystals that possibly 
combined with the adjacent crystals at the initial stage in- 
cline less than those that did not combine. At the opposite 
side of ( 100) face with a large inclination, the appearance 
of ( 100) face (2) was observed. Growth layers were found 
on the (100) face from the time when the crystals combine 
(2, 2'). In the area where most crystals had combined, the 
secondary grains were produced on the crystal face (3,3'). 
At the center, a different morphology was found that com- 
prised crystals depositing with the comer facing upward (4). 

At the center of No.2-1 with a C m 2  ratio of 0.04, 
columnar multiple twins were deposited (Fig.3, 2-1, 1). At 
the center of No.24 with a Ch.,/Hz ratio of 0.027, columnar 
crystals were not found and the crystals with the comer 
facing upward (Fig.3 2-4, 2) were found. In the periphery 
areas of substrate of this specimen, the crystals with (111) 
face only and the multiple twins that were produced by the 
development of the ( 11 1 ) face (1 ') were observed. These 
observations suggest that there are two conditions for 
producing columnar crystals; the condition where the 
C H a 2  ratio is high and the initial substrate temperature is 
low and the condition where C H &  ration is high and the 
initial substrate temperature is high. When the substrate 
temperature is low, columnar crystals with { 111 ) face only 
are produced. When the substrate temperature is high, 
columnar multiple twins with growth layers and secondary 
grains growing on the crystal surface are produced. As 
described above, the substrate temperature decreases during 
deposition. This phenomenon is also found when a torch 
with nozzle is used. After the deposition was suspended 
when rapider decrease in substrate temperature than ordi- 
nary occurred, the deposition of small amounts of carbon 
was found in the center on the surface of diamond film 
(lmm-thick columnar crystal film).I5' Since carbon deposits 
when the substrate temperature exceeds the temperature 
range in which diamond is deposited, the decrease in sub- 
strate temperature means the increase in the surface 
temperature of diamond. This is why the form of crystal tip 
changes with increasing film thickness. 

The production of columnar crystals depends on the dif- 
ference in experiment conditions between the thermal plas- 
ma CVD and methods of hot filament and low-pressure 
plasma. The present experiment was carried ot with higher 
C m 2  ratio than latter methods. Therefore, there might be 
highly concentrated active species associating with the 
production of diamond in the plasma gas. Also, since the 
present experiment was performed in the atmosphere, con- 
centration boundary layers might be formed on the substrate 
surface. The mechanism in which columnar crystals are 
formed under such experimental conditions may be as fol- 

Fig. 4. Center (a) and edge parts (b) of a diamond film fracture 
surface. 

lows: when the C m 2  radio is high and the substrate 
temperature is low, the crystals with { 111) face only 
deposits fnst, and the crystal becomes columnar because the 
crystal comer projecting in the gas with concentration 
gradient becomes a nucleation point of crystal. As 
described later in Section 3.3, the growth layer observed 
when the substrate temperature and the C m 2  ratio were 
low was generated from the comer at the highest position 
facing the plasma gas flow. In the present experiment with 
a high C H &  ratio, the secondary grains were generated on 
the (111 ) face. When the substrate temperature is high, the 
reaction at the crystal tip in the gas with concentration 
gradient may become violent, so that the generation of two- 
dimensional nucleus occurs frequently at the cystal face 
together with the generation of nucleus at the comer or edge 
of crystal, which may produce columnar-like crystals. 

As described above, when the CH&12 ratio is high and 
the substrate temperature is high or low, the crystals be- 
comes columnar. However, the formation of columnar crys- 
tals can be prevented and a thick film as shown in FigA(a) 
can be obtained if, for example, the CH&12 ratio is 0.033 
and the substrate temperature during deposition is changed 
continuously from 833°C to 717'C by regulating the plasma 
input power (to keep the surface temperature of diamond 
film constant). Fig.4 shows sectional view of fracture sur- 
face of periphery area for a film with a thickness of 4 3 0 ~  
at the center. Fig.4a shows the center of fracture surface, 
and Fig.4b shows the end. The end area has columnar crys- 
tals. This is probably because the substrate temperature at 
this area is lower that in the center. Although the ex- 
perimental results are not shown here, the formation of 
columnar crystals decreases (the substrate temperature range 
in which the film does not become columnar) when the 
C m 2  ratio is reduced or when the CH&12 ratio is constant 
and the flow rate of Hz is increased. Therefore, the degree 
of substrate temperature is a relative parameter depending 
on the C W 2  ratio and the flow rate of Hz. 

3.2. Morphology of Diamond Deposited by Using Torch 
with Nozzle 

The lhour deposition experiment was peIformed by 
using a torch with nozzle. The experiment conditions were 
52kW of plate power, 8Vmin of hydrogen flow rate, and 
0.321lmin of CH, flow rate. The substrate temperature was 
changed from 90WC to 892'C. In this experiment, an area 
showing different morphology concentrically appeared on 
the substrate. Table 3 gives the conditions of deposition, 
and Fig.5 shows the morphology obtained in this experi- 
ment. 

At the outermost periphery area of substrate (I+), 
spherically-shaped crystals with vague shape were 
deposited. At the positions closer to the center on the sub- 
strate surface, columnar crystals with ( 11 1 ] face only and 
columnar crystals with (100) face at its tip appeared. On 
the ( 111) face of these crystals, many small crystals with 
( 11 1 ) face only were produced. The ( 100) face at the tip 
is larger on the crystal closer to the center, and an area where 
( 100) face appeared remarkedly was produced. This { 100) 
face had a larger inclination on the crystal closer to the 
center, and the number of crystals that deposited with their 
comers upward increased. Also, twins were found. At the 
positions closer to the center, many growth layers were 
formed on the crystal face, and their height increased. Also, 
the generation of secondary grains was observed on the 
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4 5 6 
Fig. 5. Morphology of the deposition diamond on the substrate from periphery to center areas of its surface by the torch with 

a nozzle: 1 4 .  

crystal face. At the center, columnar multiple twins with 
growth layers on the crystal face appeared (+6). Figure 6 
shows the Raman spectra in the center. The difference in 
morphology is probably due to the temperature distribution 
in the plasma flame and on the substrate, as with the case 
using the normal torch. 

33. Twins and Growth Layers 
In depositing diamonds, twins are deposited together 

with single crystals. So far, spinnel type twins, 5-fold twins, 
and 20-fold twins have been observed by the hot filament 
method and low-pressure plasma method.16.'" Spitsyn et al. 
took the twin consisting of single-crystalline unit of 2, 5, 
and 20 as a nucleation twin, and the twin produced sub- 
sequently on the crystal face as a growth twin. They also 
reported that the grow twins were observed on (111) and 
{ 100) faces, and macrosteps appeared around the twin on 
the crystal face on which the growth twins appeared.13' 
Kobashi et al. observed steps on the { 100) face of grain that 
developed unusually in the experiment using a microwave, 
and reported that the { 100) face was produced by the step 
growth mechani~m.'~' Sunagawa paid attention to the sur- 
face micmphotography's' in Fig.4 presented in the above- 
mentioned report of Spitsyn et a1.,l3' and pointed out that the 
growth layer on { 11 1 ) face had an inverted triangle form in 
relation to that on the { 111 ) face, which was opposite to the 
orientation of growth layer found on the (111) face 
produced naturally or by high-temperature, high-pressure 
synthesis, and the growth layer on the { 100) face was slight- 
ly different from that on the { 100) face produced by high- 
temperature, high-pressure synthesis. He reportedz0' that the 
morphology of diamond synthesized from gas phase had 
characteristics exactly opposite to those produced by high- 
temperature, high-pressure synthesis, and it was farthest 
from the morphology expected from the periodic bond chain 
(PBC) analysis.'9' 

On the diamond obtained in this experiment, the growth 
layers were frequently observed. The growth layers ob- 
served on the { 11 1 ) face parallel to the substrates of 1-2d 

Raman shift (crn-') 

Fig. 6. Ramai. spech.a of the diamond deposited by the torch 
with a nozzle. 

and 1-2e in Fig.2 and the { 11 1 ) face of spinnel twin had an 
inverted triangle form in relation to the triangle on the { 11 1 ) 
face. In this case, the face on which the growth layers were 
found was a face facing the direction of plasma gas flow, 
and no growth layers were found on other { 111 } faces. The 
rough surface of 1-2a in Fig.2 is also though to be the ( 11 1 ) 
face on which the growth layers develop. The growth layers 
on the [ 11 1 ) face are also found on the { 11 1 ) face of 5-flod 
twin (right of Fig.7). The growth layer on the { 100) face 
were formed with the crystal produced on the crystal face 
being as the center (2-3,3 and 2-3, 3' of Fig.3, or Fig.7). 
The growth layer were observed when there were no crystals 
of formation center on the crystal face. 

The observations described above were made under the 
condition of C W 2  ratio of 0.04, so that most growth layers 
were irregular. For the CH& ratio of 0.02, most growth 
layers were regular. When the C W 2  ratio is 0.02 (fig.%, 
No. 1 -4), stripe lines are found on the { 11 1 ) face, and the 
growth layers produced on the concave { 11 1 ) face differs 
from those for the CI14/C2 ratio of 0.04. The growth layers 
found on the { 100) face have a regular shape. The mor- 
phology of 1-4e in Fig.2 indicates that the growth layer 
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Fig. 7. Morphology of the deposition diamond. C b  
=0.24i/min, H2=6l/min, the substrate temperature =845+824'C, 

and the deposition time=60min. 

produced form the crystal formed on the face. The growth 
layers that were possibly formed from the screw dislocation 
(bottom right of Fig.2, 1-4d) were also observed. 

In the morphology of diamond shown in Fig.2,l-5a-1-5g 
deposited possibly with a lower C W 2  ratio by the dif- 
ferent gas supply method, the polygonal composite spiral 
growth layers with 4-fold rotation axis starting from the 
screw dislocation (1 .5~  and d have inverted orientation each 
other ) and the growth layers that possibly expanded onto 
the entire face from the nucleation point of comer that was 
highest among four comers of (100) face (1-5b) were 
found. For the growth layers of this type, no growth layers 
that had a nucleation point on the edge were found. In 1-5e, 
growth layer of closed loop was observed. On the (111) 
face of cub-octahedron, the growth layers of the triangle of 
same orientation with that of { 11 1 ) face were found (1-50. 
This suggests that the ( 100) face under .these experiment 
conditions is produced by the latemal growth, and the 
growth mechanisms are the spiral growth mechanism and 
the two-dimensional nucleus growth mechanism. Whereas, 
the growth layers observed on the (100) face when the 
C W 2  ratio is 0.04 are, though irregular in shape, similar 
to those in Fig.2, 1-5b. The ( 100) face under these condi- 
tions may be produced by the two-dimensional nucleus 
growth mechanism. 

4. Conclusions 

To investigate the morphology of diamond by the radio- 
frequency thermal plasma CVD method, experiments were 
performed by varying the substrate temperature, C&/H2 
ratio, and deposition time. The observation of morphology 
led to the following conclusions: 
1) As the deposition temperature increases, the habit 

changed from octahedral to cubic, via intermediate cubo- 
octahedral forms. 

2) Octahedral, cubo-octahedral, and cubic twins were ob- 

served. 
3) When the C W 2  ratio was high and the substrate 

temperature was low, columnar-like crystals with (111 ) 
face only were observed. When the C m 2  ratio was 
high and the substrate temperature was high, columnar 
multiple twins on which growth layers and secondary 
grains were generated on the crystal face were observed. 

4) Various growth layers were observed on the crystal face. 
This suggests that both ( 111) and ( 100) faces are 
produced by the lateral growth under these conditions of 
deposition. 
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Sintering and Properties of CaTi4(P04)6 Prepared by 
Sol-Gel Process 
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A precursor gel powder with the composition of CaTi, 
(P04),(CTP) was prepared by sol-gel process. On heat- 
ing, this powder was amorphous up to 700°C and 
changed into a single phase of CTP at  about 800°C. The 
relative density showed that the sinterability of the amor- 
phous powder was better than that of the crystallized 
powder. Some precursor gels with excess amounts of 
P20S (lwt%3wt%) were also prepared by the same 
process. The presence of a small amount of P2O5 was 
effective for the sintering of compacts. Sintered body 
with relative density of 94% and bending strength of 
72MPa was fabricated in the presence of 4wt% of P2O5. 
[Received January 24, 1991; Accepted May 23, 19911 
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1. Introduction 

A number of researchers have been discussing that 
Ti(1V)-containing double phosphate, represented by the 
general formula M'T~,(Po,)~ or M'"T&(I'O~), is, like Zr(IV)- 
containing double phosphate, a promising new material for 
its high ionic conductivity and low thermal e~~ansion. ' '~ '  
Their powders, however, are difficult to sinter, and attempts 
to prepare the sintered bodies of sufficient mechanical 
properties in the absence of sintering aid have been mostly 
unsuccessful. Oota et al. discussed bending strength of the 
sintered body from the Zr-containing pho~phate?'~' but few 
discuss sinterability of the Ti-containing phosphate. 

Two methods are available for the synthesis of double 
phosphate powders, solid-state reaction and sol-gel proces- 
ses. The former needs a long heating time, and gives the 
powder which cannot be sintered at all in the absence of 
sintering aid. The latter, on the other hand, is capable of 
synthesizing, efficiently in a short time, the desired 
microparticles of crystalline double phosphate and, at the 
same time, amorphous one having exactly the same chemi- 
cal composition during the heating process. 

The authors have attempted first to synthesize calcium 
tetratitanium hexakis orthophosphate CaT'i(P04)6 
(hereinafter referred to as CTP) as the double phosphate by 
the sol-gel process, to investigate properties and sinterability 
of both crystalline and amorphous product powders. Fur- 
ther, the powder containing an excess amount of P205 as the 
sintering aid was also synthesized, to make the similar in- 
vestigations. As a result, it was found that the amorphous 
powder is more sinterable than the crystalline powder cal- 
cined at a higher temperature. It was also found that the 
sintered body from the amorphous powder containing an 

excess amount of P205 has fairly good relative density, 
bending strength and structures at the fracture surface. 

2. Experimental Procedures 

2.1. Synthesis of Gel1 Powder 
The starting materials were titanium tetrabutoxide 

Ti(OC$H9)4 (Wako Junyaku, first-grade reagent), calcium 
dihydrogen phosphate monohydrate Ca(H2P04)2.H20 
(Wako Junyaku, first-grade reagent) and diammonium 
hydrogen phosphate (NH4),HP04 (Wako Junyaku, special- 
grade reagent). These reagents were mixed in such a way 
to give 20g of CTP as the double phosphate, where 500cm3 
of a I-butanol solution of Ti(OC4H9)4 was stirred vigorously, 
to which 75cm3 of an aqueous nitric acid solution (pH=3) 
containing Ca(H2P04)2.H20 and (NHJ2HP04 was added, 
and the mixture was stirred for Ih. The resultant white gel 
was centrifugally separated, washed with acetone 3 times 
and dried at around 50'C on a hot plate, to prepare the dried 
gel powder. The gel powder containing P205 1 to 9% in 
excess of the content predicted from the CTP composition 
of CaO.4TiO2.3P2O5 in a similar manner with (N&)2HP04. 

2.2. Changes in Gell Powder under Heating 
All of the gell powders prepared in this study were heated 

for the differential thermal analysis and thermogravimetric 
analysis (DTA-TG). The phases formed during the thermal 
analysis were identified by the powder X-ray diffraction 
analysis, in which each sample for this purpose was heated 
in an electrical furnace at the same rate as used for the 
thermal analysis (10'C/min) and then allowed to cool in the 
furnace to room temperature as soon as it reached a given 
temperature level. The identification as made by the JCPDS 
cards. 

23. Specific Surface Area of Powder 
The gel1 powder sample was heated from 500' to 800'C 

to determine its specific surface area by the BET method 
with nitrogen gas, in order to investigate changes in its 
specific surface area, where approximately lg of each 
sample placed in an alumina crucible was heated in an 
electrical furnace to agiven temperature at which it was held 
for Ih, and then allowed to cool in the fumace to room 
temperature. 

2.4. Calcination of Gell Powder 
The gell powder sample, each weighing approximately 

2g was heated to 500'. 600" or 800°C at which it was held 
for Ih, or to 500°C at which it was held for 3h. The powder 
sample containing an excess amount of P205 was heated to 
500°C at which at it was held for 3h. They were heated at 
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10"C/min for the stoichiometric composition and at 10"C/h 
for the one containing an excess amont of P205. 

2.5. Forming and Sintering of Calcined Powders 
The following three types of the green bodies were 

prepared, in order to investigate their sinterability. They 
were sintered for 5h at 5 different temperature levels in.a 
range from 1000" to 1300"C, in order to investigate the 
effects of calcination and sintering temperature on 
sinterability. For Sample Type 1, each was held at 1150°C 
for one of four time levels in a range from 1 to 10h. All 
sample were heated at 10"Clmin. 
1) Sample Type 1: These were for the analysis of relative 

density, each formed under lOOMPa into a disc of l0mm 
in diameter and approximately 3mrn in thickness. These 
were also used for the analysis by a scanning electron 
microscope (SEM) to observe sintered structure. 

2) Sample Type 2: These were for the analysis of thermal 
expansion, each formed under the same pressure as the 
above into a cylinder of 5mm in diameter and ap- 
proximately 4mm in height. 

3) Sample Type 3: These were for the analysis of bending 
strength, each formed under 5OMPa into a rectangular 
bar, 45x5x4mm in size. 

2.6. Properties of Sintered Samples 
1) Relative density: Relative density was bulk density rela- 

tive to true density determined by a pycnometer with 
1-butanol as the medium. True density of the sintered 
bodies were determined with the heated powder under 
the same conditions as those. Bulk density were cal- 
cwated by measuring the weight and dimensions of each 
samples. 

2) Texture of sintered bodies: The fracture surface of each 
sample was analyzed by an SEM, after having been 
polished and thermally etched. 

3) Thermal expansion: This property was measured for a 
temperature range from mom temperature to 1200°C. 

4) Bending strength: This property was measured by the 
3-point bending strength test. 

2.7. Analyzers and Analysis conditions 
The following analyzers were used, and the conditions 

under which they were operated are given in the paren- 
theses: 

kigaku Denki's differential thermobalance for TG-DTA 
analysis at high temperature (sample mass: approximately 
25mg, standard samp1e:a-Al,O,, heating rate: 10"Chnin, 
operating in air, TG sensitivity: 20mg, DTA sensitivity: 
*lookV). 

Rigaku Denki's RAD-IIA type powder X-ray diffrac- 
tometer (CuKa irradication, applied voltage: 40kV, tube 
current: 35mA, full-scale count: 10,000-cps). Hitachi's 
S-430 scanning electron microscope (applied voltage: 
25kV). Rigaku Denki's high-temperature type ther- 
momechanical analyzer (heating rate: IWCIrnin, operating 
in air). Yasuda Seiki Sisakusho's No.216 YZ500-1-PC 
autostrain (load application rate: 0.5mmhnin. span: 
20mm). 

Fig. 1. SEM image of the precursor gel powder. 

3. Results and Discussion 

3.1. Powder Properties 
Figure 1 shows the SEM image of the dried precursor 

gel powder. The powder was white, consisting of ag- 
glomerated mlroparticles of 0.1 to 0.3pm in size. Figure 
2 shows the X-ray diffraction patterns, indicating the chan- 
ges in the phases' formed as a result of heat treatment of the 
precursor powder. It was amorphous at 700"C, and trans- 
formed into the single-phase double phosphate of CTP at 
800"~."' The single phase was maintained up to 1100"C, 
and the diffraction peak of TiO, appeared at 12WC, though 
very slightly. The precursor gel, when heated from room 
temperature, weight loss as soon as the heating process 
started, as a result of dehydration which was accompanied 
by an endothermic peak continuing up to around 2WC,  as 
shown in Figure 3 @TA-TG curves). The exothermic 
changes, accompanied by weight loss, were found to occur 
at 230" to 300°C and 330" to 380"C, which resulted from 
elimination and decomposition of ammonium ions and 
butanol remaining in the gel structure. The weight loss was 
no longer observed at above 500°C. It is considered, based 
on the powder X-ray diffraction analysis results, that the 
exothermic change occumng at 760°C resulted from the 
c~ystallization of the sample. Decomposition of CTP started 
at around 1200'C or more, as evidenced by the observed 
presence of TiO, diffraction peak and slight weight loss on 
the TG curve. The top of the broad halo peak, characteristic 
of amorphous solid, shifted, when the dried precursor gel 
was heated, from at 2 8=28" (indicated by the arrow) to at 
25" (also indicated by the arrow), very close to 25.5" at 
which the most intense peak of eTP was observed. It is 
considered, based on the above results, that the dried precur- 
sor gel is changed during heating to have the random struc- 
ture similar to that of the double phosphate, which is then 
changed to the regular structure characteristic of the crys- 
talline solid. This is probably accompanied by the structural 
rearrangement, occumng simultaneously with diffusion of 
the ions. Figure 4 shows specific surface area of the precur- 
sor powder, changing with calcination temperature. It 
decreased rapidly at 600" to 750"C, which resulted from 
rapid growth of the grains during the transition period in 
which the amorphous state was changed into crystalline. 
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Fig. 2. XRD patterns of the precursor gel and the heated powder. 
Fig. 3. DTA-TG curves of the precursor gel powder. 
Fig. 4. Specific surface area of calcinated powder calcinating time; I h. 
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Fig. 5. Relationship between relative density and f h g  temperature of the compacts, calcinating temperahue 0; 500°C B; 600'C A ;  8WC. 
Fig. 6. Change of the relative density with firing time calcinating temperature 0.. 500'C D: 6 W C  A ;  800'C fuing temperature; 1150'C. 
Fig. 7. Effect of relative density of the compacts with excess amounts of P20s. 

3.2. Sinterability of Powder 
It is expected that difference observed between the amor- 

phous and crystalline powders in properties will affect their 
sinterability. Figure 5 shows the effects of fving tempera- 
ture on relative density of the three types of double phos- 
phate powders calcined at different temperatures, which 
were fired for 3h at 5 different temperature levels in a range 
from 1000' to 1300°C. The samples calcined at a lower 
temperatures showed a higher relative density, when fired, 
at all firing temperature levels tested than the one calcined 
at a higher temperature. It is particularly noted that the 
green body calcined at 500'C, a temperature level at which 
no growth of the grains was yet observed, was densified to 
the highest level, when fired at 1150°C. This probably 
resulted fmm the structural rearrangement accompanied by 
diffusion of ions, which accelerated bonding of the grains 
to each other and densification, since the transformation 
from the amorphous to the crystalline state occurred during 
the heating process. No such a phenomenon would be ex- 

pected with the powder calcined at 800°C or more, in which 
grain growth and crystallization were already completed. 
Figure 6 shows the effects of firing time on relative density 
of the sintered body, where the same green body was fired 
at 1150'C. Relative density increased with time, attaining 
a maximum (92%) at 5h. 

The green body containing an excess amount of P20,, 
calcined at 1150°C for 5h, was fired at 1150°C for 5h. Rela- 
tive density attained a maximum of 94% at 4wt% in excess 
of the stoichiometric P205 content, showing in Fig.7that 
P205 is an effective sintering aid for the double phosphate 
system. The power X-ray diffraction analysis results indi- 
cate, as shown in Fig.8, that firing of the green body con- 
taining an excess amount of P2O5 caused formation T i 2 0 7 ,  
in addition to the double phosphate. As a result, this powder 
body had a smaller amount of TiOz then the stoichiometric 
composition of the double phosphate. It is not known at 
present under what conditions excess amounts of CaO and 
PZO5 are present in the system. It is, however, considered 
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Fig. 8. XRD patterns of W a n d  CTP with 4wt% excess of 

Pzos. 

Fig. 9. SEM images of sintered compacts (A) CTP composition 
(B) 4wt% excess of P20s polished and thermally etched surface. 

that formation of TiPZ07 accelerates diffusion of ion species 
constituting the powder particles, thereby contributing to 
densification by firing. Figure 9 shows the SEM images of 
the polished and thermally etched surfaces of the sintered 
bodies. The texture of stoichiometric composition (A) has 
less uniformly sized grains and larger quantity of pores than 
the texture containing an excess amount of PzO5 (B), in- 
dicating the effects of P205 as the sintering aid. 

3.3. Properties of the Sintered Bodies 

3.3.1 Bending Strength 
Figure 10 shows the effects of firing temperature on 

bending strength of the sintered bodies. Both sintered 
bodies from the amorphous green body calcined at 500°C 
and the crystalline one calcined at 800°C had the highest 
bending strength, when fired at 1150°C. Decreased bending 
strength of the sintered bodies fired at 1200°C resulted con- 
ceivably from partial decomposition of the double phos- 
phate. The green body calcined at 800°C was not 
sufficiently sintered to have a low bending strength of 
17MPa at the highest, whereas that calcined at 500°C was 
sintered fairly sufficiently to have a bending strength of 
57MPa at the highest. The green body containing 4wt% 
excess amount of P205. calcined at 500"C, had a still higher 
bending strength of 72MPa (indicated by the blank circle in 

1000 1100 1200 
temperature IoC 

Fig. 10. Relationship between bending strength and sintering 
temperature of the compacts, calcinating temperature 0; 500°C 

A; 8 W C  0; 4wt% excess of P20s calcined at 500'C. 

temperature 1 'C 

Fig. 11. Thermal expansion curves of sintered compacts with 

and without P205 flljng temperature; 1150'C, 5h. 

Fig.lO), when calcined at the same conditions as used for 
the stoichiomehic composition. 

3.3.2. Thermal Expansion 
Figure 11 shows the thermal expansion curves for the 

sintered bodies from the stoichiometric composition and the 
green bodies containing excess amounts of Pz05. All of the 
sintered bodies containing excess amounts of P205 were 
higher than the stoichiometric composition in thermal ex- 
pansion, which, however, increased with temperature in a 
similar manner, irrespective of P205 content. This indicates 
the complex effects of P205 on the texture of sintered body, 
and possibility that thermal expansion coefficient may vary 
depending on conditions under which the sintered bodies are 
fired. The average thermal expansion coefficient in a range 
from room temperature to 800°C is 6 . 5 ~ 1 0 ~ ~ ~  for the 
sintered body of the stoichiometric composition and 8.2~10- 
6 / " ~  for the sintered body containing 4wt% excess amount 
of Pz05. The future research themes, therefore, will be to 
decrease thermal expansion coefficient, and to further im- 
prove mechanical properties by enhancing sinterability of 
the powder. 
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4. Conclusions 

The amorphous and crystalline powders of the CTP com- 
position, prepared by the sol-gel process, were investigated 
for the relationship between properties of the dried precursor 
gel and sinterability. 
1) The dried precursor gel consisted of the agglomerated 

particles of 0.1 to 0.3pm. It was crystallized, when 
heated to 760°C. into.the singlephase CTP. The crystal- 
lization was accompanied by rapid gmwth of the grains. 

2) The amorphous green body, calcined at 500'C, was more 
sinterable than the one calcined at 8WC. The amor- 
phous green body was fired at 1150'C for 5h into the 
sintered body having a relative density of 92%. bending 
strength of 57MPa and thermal expansion coefficient of 
6.5x1W6/'C (room temperature to 8WC). 

3) The green body containing 4wt% excess amount of P2O5 
as fired at 1150°C for 5h into the sinter having a relative 
density of 94%, bending strength of 72MPa and thermal 
expansion coefficient of 8.2x104rC. The sintered body 
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posium of the Ceramic Society of Japan held in September, 
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Densification of Plasma-sprayed Ceramic Coatings by 
HIP Treatment and their Cracking Behavior 

Yutaka Ishiwata, Yoshiyasu Ito and Hideo Kashiwaya 
Toshiba Corporation, Heavy Appmtus Engineering Labo 
2-4, Suehirwcho, Tsururni-ku, Yokohama-shi, 230 Japan 

The hot isostatic pressing (HIP) treatment of plasma- 
sprayed ceramic coatings was studied in order to im- 
prove  t h e  coa t ing  charac te r i s t ics ,  s u c h  a s  
micro-structure and bonding strength. Stabilized Zr02, 
A1203 and Y,03 were coated by plasma-spraying on two 
kinds of metal substrates (Nb and Q p e  304 stainless 
steel). HIP treatment was performed at  from 1100°C to 
1300°C under fixed pressure (98.1MPa) for lhour. The 
porosity and bonding strength of ceramic coatings were 
measured. The residual stress analysis was carried out 
and compared with the cracking of ceramic coatings. 
The experimental results indicated that, for Nb substrate 
specimens, the porosity remarkably decreased and the 
bonding strength increased with increasing H I P  
temperature. But the cracks were observed at  high HIP 
temperature. Such cracking behavior of HIP treated 
ceramic coatings was explained by the residual stress 
calculated by FEM analysis. On the other hand, no 
crack was observed in coatings on Type 304 substrate, 
because of the compressive residual stress in coatings 
induced by HIP treatment. But the bonding strength 
decreased with increasing HIP temperature. 
[Received February 18, 1991; Accepted August 23, 19911 

teristics caused by the HIP treatment on ceramic coatings 
over the metal- substrates:' in which we clarified the trend 
that the dimensionless maximum stress q (l-PC)/ [E, ( q -  
%)AT] inducing on coatings decreases in proportion to the 
increase in the ratio of thickness between the substrate and 
coating (hchs) as well as of Young's modulus (E,(l- 
%)/[E,(l-lpJ] , where oc:the value of maximum stress 
caused on the coating, A: Poison's ratio of the coating, A: 
Poison's ratio of the substrate, &:Young's modulus of the 
coating, &:Young's modulus of the substrate, &-&:the dif- 
ference of the thermal expansion coefficients between the 
coating and subspate, and ATthe difference in temperature. 
We further estimated the critical temperature, at which crack 
does not generate on the coating, fmm the value of residual 
stress on the coating and the bending strength of the coating 
materials. This report deals with the comparison between 
the residual stress analysis and the experimental results on 
the fractures of coatings, and confirmed the feasibility of 
this comparison. We further measured the porosity and 
bonding strength of the coating with regards to the charac- 
teristics of the sprayed coating improved by the HIP treat- 
ment, and examined on the appropriate conditions for the 
HIP treatment. 

Key-words: Ceramics coating, Residual stress, Cracking, 2. ~ ~ ~ ~ ~ i ~ ~ ~ t ~ l  ~~~~~d~~~~ 
Porosity, Densification, HIP, Plasma-spray, Solid state bond- 
ing 

1. Introduction 

Ceramic coating on metal surfaces is effective in improv- 
ing the resistance against heat, corrosion and wear and has 
been utilized in various industrial fields in recent years. The 
plasma spraying, above all, has the feature that thick coating 
is possible even in large parts with comparatively compli- 
cated shapes, contrary to PVD or CVD. However, plasma 
sprayed coatings contains many pores,'2' and may be useful 
as the insulating coating, but not necessarily so for the parts 
which call for high resistance against corrosion and wear, 
where there are cases that demand high bonding strength to 
metal substrates as well as the same density as in sintered 
ceramics. There are some on the usefulness of the 
HIP treatment as a mean to improve the characteristics of 
ceramic coatings formed by such plasma spraying, but many 
of these reports cover only the limited combination of such 
materials as ZrOZ/Ni or A1203/Fe and others, and are not 
necessarily prepared for the combination of metals and 
ceramics in wide ranges. 

On the other hand, the writers have already canied out 
the analytical investigation on the residual stress charac- 

The combinations of metal substrates and sprayed coat- 
ings used for the experiment are shown in Table 1. The 
coatings were formed by plasma-spraying ,41203, Y203, and 
8 mol% Y203 - stabilized Zr02 on metal substrates. For the 
metal substrates, we selected Nb which generates tensile 
residual strength on the sprayed coatings after the HIP treat- 
ment because of the smaller thermal expansion coefficient 
than the sprayed coats and Type 304 stainless steel which 
has, on the contrary, larger thermal expansion coefficient 
than the coats and generates compressive residual stress. 
Table 2 lists the chemical compositions of the ceramic spray 
powders and the metal substrates used for the experiment. 
The test specimens were prepared by blasting the #60 white 
alundum on one surface of the Nb and Type 304 substrates 

Table 1. Constitution of specimens and thermal expansion coeffi- 
cients . 

Nb SUS 304 

Coatings 

Substrates 

8XY203 

-zro2 

8.1% 19.0* 

A1203 YzOg 
8xY203 

-zrO~ 
A1203 
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Table 2. Chemical compositions of material used. 

Table 3. Plasma-spraying condition. 

Ar: 18.9 l l m i n  

Power 

Substmtet N b SUS 304 

Fig. 1. Cross sections of as-sprayed and HIP treated ceramic 
coatings. 

of 25.4mm in diameter and 5mm in thickness, and after 
degreasing they were plasma-sprayed in open air. The con- 
ditions used for plasma spraying are shown in Table 3. In 
preparing the sprayed test specimens, ceramics were 
sprayed directly on metal substrates without bond coats, and 
the coat thickness was fixed at 250 pm for every materials. 

The test specimens after the plasma spraying were filled 
into cans of mils steel together with boron nitride powders, 
and after the lhr baking at 1000'C in vacuum, they were 
filled in vacuum for the HIP treatment. The HIP treatment 
used the Ar gas as the pressure medium and was conducted 
at three temperatures of 110WC, 1200°C and 1300°C. In 
the HIP treatment, the pressure was fixed at 98.lMPa for 
the retention time of lhr, and the temperature was f is t  
raised to 800°C at which temperature the cans were fully 
softened, and then both the temperature and the pressure 
were increased simultaneously. 

After the HIP treatment, we scrutinized the surfaces of 
specimens and their sections cut at the center on optical and 
scanning type electron microscopes, and evaluated the frac- 
tures in the coats and peelings induced by the HIP treatment. 
Then we measured the porosity on the coatings by the X-ray 
diffraction and image analyzing equipment (LUZEX made 
by NIRECO) on the as-spray coating and the HIP treated 
ceramic coatings, in order to clarify the improvements in the 
characteristics of the plasma-sprayed coating by the HIP 
treatment. The porosity was obtained by averaging the 
results of measurements at three places on the cut section at 
the center of the specimens. In addition, the bonding 
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strength of the coatings was measured in accordance with 
the ASTM ~tandard;~' that is, the tensile strength test by 
fixing with thermosetting adhesives the tensile strength test- 
ing jig on the surface of coatings. 

3. The Results of The Experiment 

3.1. Cracks on HIPTreated Ceramic Coats 
Figure 1 shows collectively the microstructures to the 

direction of coat thickness of cut sections at the center of 
the HIP treated specimens under the fixed conditions of 98.1 
MPa retained for lhr, with temperatures alternated at 
1100°C to 1300°C. Fig.1 also shows the broken structure 
of as-sprayed coats for comparison sake. As the f ip re  evi- 
dently shows, along with small pores of several pm, many 
large holes of several tens in pm were noticed in ceramic 
coats which might have been caused by entrapping the gas 
during the plasma-spraying5' or by the falling-off of grains 
during grinding because of weak binding force between 
them. On the other hand, the number of holes was markedly 
reduced after the HIP treatment, indicating that the HIP 
treatment caused the sprayed coats to densify. Moreover, in 
the as-spray coats, the melt ceramic grains did not fill into 
microscopic concave parts of the substrate surface, so that 
many voids generated in the boundary between the substrate 
and the coat, serving to be the factor to low bonding strength 
in sprayed coats. However, such interfacial voids were 
hardly observed after the HIP treatment. 

Although no large crack was recognized in appearance 
in as-sprayed coats, we observed several linear cracks with 
wide opening on the HIP treated ceramic coat, of stabilized 
Zr02 on Nb substrate, while bent hairlike cracks were recog- 
nized in ceramic coats of A1203 and Y203 in the high 
temperature HIP treatment. Most of the cracks were vertical 
reaching to the substrate from the coat surface and were 
presumably caused by the residual stress generated during 
the cooling in the HIP treatment, since the direction of these 
cracks was vertical to the direction of maximum stress of 
the tensile residual stress as indicated in the previous report. 

Table 4 shows the cracks generated on ceramic coats 
summarized from Fig.1. Cracks generated distinctly in all 
HIP treated ceramic coated of stabilized ZrO,, which differs 
markedly in the thermal expansion coefficient from the Nb 
substrate. The opening width of these cracks tends to be 
wider as the temperature of the HIP treatment becomes 
higher, and we could observe cracks distinctly even in naked 
eyes in HIP ceramic coats treated at 1300°C. We recognized 
no cracks, or at best very tiny cracks in HIP coats of A1203 

Table 4. Results of HIP beattnent for ceramic coatings. 
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or Y203 treated at 1100°C which had smaller difference from 
Nb in the thermal expansion coefticient than ZrOz, although 
we observed distinct cracks in either HIP coats treated at 
1300°C. 

On the other hand, no crack generated by the HIP treat- 
ment at 1100-1300°C in sprayed coating of stabilized Zr02 
and A120, on Type 304 substrates which have higher thermal 
expansion coefficient than the coats, and it is evident that 
cracks are hard to generate in the combination of a coat and 
a substrate which generates compressive residual stress in 
coats. By the way, peelings in the coating of several 
hundreds km in depth were observed in specimen of HIP 
treated Type 304 substrate along the interface at the end of 
the boundary between the coat and the substrate. This could 
be attributed to the tensile residual stress generated near the 
interface at the joined boundary end in the combination of 
materials in which the thermal expansion coefficient for the 
metal substrate is larger than for the coating. However, this 
tensile residual stress does not depend upon the size of metal 
substrates, and becomes almost zero at the distance of about 
3 to 5 times of the coat thickness to the inside from the end 
~urface.~' This stress may deteriorate the strength of the 
metal/ceramics  composite^^^' but does not become the 
major problem in the case of such a thin film coating as in 
this case, since this can be removed by the finishing work 
at the joined boundary end. 

3.2. Comparison Between the Analysis and Actual 
Results 

The previous report7' analyzed the results by FEM 
through changing the coefficients (Young's modulus and 
thermal expansion coefficient) and coat thickness. And it 
further sought the critical heating temperature in order that 
no crack will not generate, under the assumption that a crack 
generates in coats when the maximum tensile residual stress 
working on the ceramic coating reaches the fracture strength 
of the coat. Figure 2 shows the critical heating tempera- 
tures calculated using the values of lo%, 30%, 50% and 
70% of fracture probability from the Weibull's plot on test 
results of 4-point bending on sintered bodies of stabilized 
ZrO,, A1,0, and Y,O, as the fracture strength of the coating, 
as well as the experimental results of the Table 4. The 
calculation indicates that the critical beating temperature in 
either coating tends to be higher as the coat thickness (hchs) 
increases. Although the bending strength was high, the 
critical heating temperature was generally low for stabilized 
ZrO, (average bending strength 432 MPa), in which the 
difference in the thermal expansion coefficient from Nb is 

hc hs 

Fig. 2. Critical heating temperature and cracking of HIP treated 
coatings. 

Table 5. Crystalline phases determined by X-ray powder diffrac- 
tometer. 

large, and in the comparison between A1203 and Y2O3, which 
have almost same thermal expansion coefficient as the sub- 
strate, the critical heating temperature was a little higher for 
AhO, which have higher bending strength. On the other 
hand, the value of hchs was 0.05 and the temperatures were 
1100°C-1300°C for the HIP treatment in this experiment, 
and the stabilized ZrOz was heated at far higher temperature 
for the HIP treatment than the critical heating temperature, 
so that remarkable cracks were naturally recognized in all 
HIP treated specimens. Moreover, it appeared to us that the 
experimental results almost agree with the analytical results 
in Y203 and A120,. From the above observation we can 
roughly grasp the behavior of cracks generating in ceramic 
coats through residual stress analysis, although we adopted 
the bending strength of the sintered products for the fracture 
strength of a coat and no provision was made for the phase 
transformation of the coating or the plastic deformation of 
the substrate. 

4. Discussion 

From the result of the previous Chapter, it became clear 
to us that the approach from the residual stress analysis is 
effective in deciding the temperature of the HIP treatment 
in order not to generate a crack in ceramic coating. How- 
ever, when the temperature of the HIP treatment is low, it 
is good enough for the prevention of crack in the coat, but 
a problem remains in that the original purpose of the HIP 
treatment to improve the density of the coat and bonding 
strength cannot be fully attained. Therefore, we gave 
thoughts, in the following paragraphs, on the conditions for 
the adequate HIP treatment from the view points of improv- 
ing the characteristics of spray coatings. 

By the way, it is known that a thermally unstable phase 
is formed by the plasma spraying, since the ceramic grains 
were sprayed on the substrate in molten form and quickly 
quenched?' Table 5 indicates the results of X-ray diffrac- 
tion on the surface of ceramic coats. Zr02 spray powders 
used in this experiment were predominantly of biphase com- 
position of cubic and tetragonal phases, although they con- 
tained a few monoclinic. And this phase composition was 
not almost different either in as-spray coating or in the HIP 
treated ceramic coating." And Y20, spray powders were 
monophase only of cubic phase, and the phase composition 
retained the monophase of cubic phase, whether in as- 
sprayed coat or whether in the HIP treated ceramic coat. On 
the other hand, we recognized some phase transformation 
in the A1,0,, in that although the spray powders were 
monophase of a-A1203, in addition to a-A1203. q-A120,, 
which were stable at the high temperature, were formed in 
the as-spray coat, because they were rapidly quenched from 
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the molten status. Furthermore, q-A120, was transformed 
into biphases of a-Al2O3 and &A1203 after the HIP treatment 
at 11WC, and after the HIP treatment at 12WC thermally 
unstable 6A1203 was again which is stable at room tempera- 
ture. And a volumetric constriction can be expected during 
the,phase transformations of from 7]-Al2O3 to a-A1203 and 
6-A1203 and from &A120, to a-A1203 in the HIP treatment. 
Therefore, it will be necessary to consider such a phase 
transformation, in deciding the critical heating temperature 
for the ceramic coating using the residual stress analysis as 
indicated in the last chapter. Additionally, it is clearly pos- 
sible for such a material as AL03, in which plasma spraying 
may form thermally unstable coating, to stabilize the phase 
as well as the improvements on the mechanical charac- 
teristics of the coating through the HIP treatment. 

Figure 3 shows the porosity for the as-spray coats and 
for HIP coats, treated at 11WC-13WC, with stabilized 
ZrO,, Al2O3 and Y2O3 on Nb substrates, which evidently 
indicates that porosity in any coating was around 10% in 
as-spray status, but decreased markedly after the HIP treat- 
ment. The effect of densification on the ceramic coating by 
the HIP treatment was pronouncedly evident with the in- 
crease in the treating temperature, and the porosity in any 
ceramic coating decreased below 1% after the HIP treatment 
at 13WC and 98,lMPa for 1 hour, although the stabilized 
Zr02 needs higher heating temperature because of its poorer 
capability in sintering than A1203 and Y203, if the same 
degree of densification is required. From this results, it 
became clear to us that the necessary temperature for the 
HIP treatment in order to reduce the porosity to less than 
1% must exceed 12WC for A1203 or Y203 and 13WC for 
stabilized zr02,5' and that the porosity decreases with the 
increase in the treating temperature. This is in reverse 
relationship with the critical heating temperature to prevent 
cracks on the coat. 

The bonding strength of the stabilized Zr02, and 
Y2O3 coats on Nb substrates are shown in FigA(a), and 
those of stabilized Zr02 and A1203 coats on Type 304 sub- 
strates in Fig.4(b). The measured values marked with ar- 
rows in these figures indicate that these bonding strength 
must be regarded to be higher because the specimens were 
fractured at the location of adhesives. In either materials, 
the bonding strength of as sprayed coating was 10-25 MPa 

HIP Temperature ('c) 

Fig. 3. Porosity measured in as-sprayed and HIP treated ceramic 
coatings. 

with comparatively wide variation. And we can say that the 
bonding strength was the lowest at the boundary of the 
sprayed coat and the substrate, since fractures took places 
at this boundary. Fig.4(a) indicates the tendency to improve 
the bonding strength of the stabilized Zr02 and Y203 coats 
on Nb substrate along with the increase in the temperature 
of the HIP treatment. The fact that the locations of fractures 
were either inside the coats or the adhesives indicates that 
the HIP treatment improved the bonding strength between 
the coat and the substrate. Since we could not recognize 
distinctly the reaction phase in the boundary of the coat and 
the substrate after the HIP treatment by EPMA analysis, we 
think that the improvement on the bonding strength between 
the coat and substrate by the HIP treatment is affected great- 
ly by the improvement of the anchoring effect of the coat 
itself due to the reduction, by the plastic flow of the metal 
substrate, of voids formed in the boundary between the coat 
and the substrate during the spraying, as well as the raised 
strength of the coat itself increased by the den~ification.~' 
On the other hand, the A1203 coating on Nb substrate 
showed, contrary to other ceramic coating, high bonding 
strength ( 60MPa) in HIP specimens treated at 1100"C, but 
HIP specimens treated at 1200°C or 1300°C contrarily 

HIP Temperature foe) 
(a) 

As- 1100 1x10 1300 
sprayed 

HIP Temperature fat) 
(b) 

Fig. 4. Bonding strength of ceramic coatings measured by ten- 
sion test with epoxy cement. 
(a) Nb subsuate specimens and (b) 'Qpe 304 substrate specimens 
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showed a tendency to lower the bonding strength. It is 
possible that the lowering in the bonding strength of the 
A1203 sprayed HIP coat treated at high temperature was 
influenced greatly by the inside stress caused by phase trans- 
formation, since the A1203 coat cause a phase transforma- 
tion, contrary to stabilized ZrOz or Y2O3, as shown in Table 
5. FigA(b) shows the bonding strength of stabilized ZK12 
and A1203 coating on Type 304 substrates. In either ceramic 
coating, the bonding strength was improved by the HIP 
treatment but showed a tendency to decrease as the treating 
temperature increases. Fractures on HIP specimens treated 
at 1100°C which showed high bonding strength inside the 
coat or inside the adhesives, but cracks generated from the 
coat and the substrate in many HIP specimens treated at 
1300'C, and spread over to the boundary of the coat and the 
substrate. The stud$' of the writers et al. clarified that the 
distribution of the residual stress in stabilized Zr02 or Al2O3 
coat on Type 304 substrate causes compressive stress to the 
direction of coat thickness inside the coating, but high ten- 
sile residual stress to the direction of coat thickness at the 
boundary end. Accordingly, we are led to believe that the 
bonding strength was decreased in appearance by the con- 
centration of this tensile residual stress at the boundary end. 

5. Conclusion 

We carried out the experiment mainly focussing in the 
residual stress regarding the appropriate conditions for the 
HIP treatment in which no crack generates in the ceramic 
coating by the combined application of plasma spraying and 
HIP treatment. Hereunder are the results of our experiment. 
1) We recognized a tendency in stabilized ZrO,, A1203 and 

Y203 coats on Nb substrates, in that hexagonal cracks 
generated more remarkably with the increase in the 
temperature of the HIP treatment. We think that the HIP 
treatment induces the tensile residual stress in ceramic 
coatings. The results on the residual stress analysis 
enabled us to estimate the critical heating temperature 
which would not cause cracks on this coating. 

2) We did not recognize on the coats any cracks induced by 
the HIP treatment in the stabilized Zr02 and A1203 coat- 
ings on Type 304 substrate. This is probably due to the 
fact that the thermal expansion coefficient is smaller for 
the coat than for the substrate, so that the compressive 
residual stress generated on the coat. However, we ob- 
served the peeling in the coat around the joined boundary 

because of the tensile residual stress generated on joined 
boundary ends. 

3) The crystalline construction of the stabilized Zr02 and 
Y203 coating was almost same in the as-spray status and 
after the HIP treatment. However, that of the A1203 coat 
transformed from q-A1203 and IX-Al2O3 in as-sprayed 
status to 6-A1203 and a-A1203, as the temperature in- 
creases in the HIP treatment. 

4) About 10% of pores existed inside the sprayed coating in 
as-spray status, but the porosity in any coating was 
reduced to less than 1% by the HIP treatment at 1300"C, 
98.1MPa and for Ihr. There was a tendency that this 
porosity in ceramic coating decreases with the increased 
temperature for the HIP treatment. The coatings of A1203 
and Y2O3 densified at lower HIP temperature than stabi- 
lized Zr02 coating. 

5) The bonding strength of stabilize Zr02 and Y2O3 coatings 
formed on Nb substrate improved along with the in- 
creased temperature of the HIP treatment, but the bond- 
ing strength of A1203 coating on Nb substrate and of 
stabilized Zr02 coating and A12O3 coating formed on 
Type 304 substrates showed the tendency to decrease 
along with the temperature rise in the HIP treatment. 
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Pollucite (Cs20.A1203.4Si02) powders were prepared pansion behavior. Further, the changes in chemical com- 
from a combination of A1203 sol, Si02 sol and CsNO, position in the single-phase pollucite region were followed, 
starting materials by sol-gel processing, and a stable to investigate their effects on thermal expansion behavior. 
region of single phase pollucite was investigated. The 
oollucite oowders of single phase were synthesized when 
ks20:sio2 and A I ~ O ~ : S ~ O ~  molar ratios &ere 0.91-1.02:4 
and 0.96-2.38:4, respectively, by standardizing Si02 2' 
molar ratio. The lattice parameters at  room tempera- 
ture were affected mainly by the Cs20/Si02 ratio. It was 
confirmed by a high-temperature X-ray diffractometry 
that the thermal expansion for the pollucite powders is 
greatly affected by the change of compositions: the ther- 
mal expansion coefficient decreased with decreasing 
Cs20/SiO2 ratio from room temperature to 200°C and 
increased with increasing AI2O,/SiO2 ratio above 600°C. 
An increasing tendency of the latter has turned out to be 
caused by a slight amount of a-A1203 formed in the 
course of calcination. However, sucb behavior was not 
observed at  the AI2O3/Cs20 ratio of less than 1. 
[Received February 27, 1991; Accepted April 19, 19911 

Key-words: Pollucite powder, A120, sol, Si02 sol, CsNO,, 
Sol-gel processing, High-temperature XRD 

1. Introduction 

Pollucite (Cs20.A1203.4Si02) as one of aluminosilicate 
compounds is known for its ability to fm radioactive isotope 
137cs,11 It is of cubic crystalline structure over a wide 
temperature range above room temperature, and has 
favorable characteristics as low-expansion type ceramic 
material, whose thermal expansion coefficient is close to 
zero in a range from 200" to 600'c.~' The other low-expan- 
sion type aluminosilicates include cordierite, P-spodumene 
and eucryptite. It is known that the thermal expansion char- 
acteristics of P-spodumene can be controlled by changing 
Si02 content," and cordierite has a limited compositional 
range." Thus, the low expansion characteristics of 
aluminosilicates change with their chemical compositions. 
For pollucite, on the other hand, few researchers have dis- 
cussed synthesis of the powder~-8' or relationship between 
powder composition and thermal expansion behavior. 

In this study, therefore, an attempt was made to syn- 
thesize the pollucite powder by the sol-gel process, to in- 
vestigate the single-phase pollucite region. The pollucite 
powder thus prepared was analyzed by a high-temperature 
type powder X-ray diffractometer, to follow its thermal ex- 

2.1. Synthesis of Sample Powders 
The starting materials were A1203 sol (Nissan Chemical, 

Alumina Sol 200), Si02 sol (Nissan Chemical, Snowtex 0 )  
and CsN03 (Kojundo Kagaku Kenkyusho, purity: >99%). 

so1 and SiOl sol were mixed in a given ratio 
(Al2OJSiO2 = 1 to 6 mol/mol), where pH of each sol was 
adjusted at 5.5 with ammonia water?' The mixture was 
stirred by a dynamic stirrer for 24h, and then treated by a 
rotary evaporator, to remove water. The mixed gel was 
further treated by a rotary evaporator, after having been 
dispersed in an ethanol solution, in order to further remove 
a small quantity of water remaining in the gel, and then 
dried. The dried gel was thermally treated at 550°C for 2h. 

The heat-treated gel was crushed in a plastic pot with 
A1203 balls for 24h in the presence of ethanol, to which 
powdered CsN03 was added in a ratio to give a given com- 
position as Cs20, and the mixture was again ball-milled for 
24h in the presence of ethanol. It was then dried, by remov- 
ing the solvent, and thermally treated by a Tamman oven at 
750°C for 10h. The mixed powder, after having been fur- 
ther mixed by an agate mortar, was calcined by a box-type 
high-temperature air oven at 1000°C to 1400'C for a given 
time (2 to %h). 

The calcined powder was analyzed by a powder X-ray 
diffractometer (Rigaku Denki, CuKa, 40kV. 30mA, RAD-C 
System), to identify the phases formed. The crystalline 
phases formed by the heat treatment were identified a high- 
temperature type powder X-ray test attachment (Rigaku 
Denki, Sample High-temperature Equipment CN23 11B l), 
where each sample was heated at 10"C/min, and tested at a 
scanning rate of 4"/min in a range 20=15 to 35". The lattice 
parameters of pollucite at room temperature were deter- 
mined by Rigaku Denki's application software for the (332), 
(431), (440), (611), (444) and (721) planes, with silicon as 
the outer standard. The measurement conditions were a 
scanning rate of l0/min and sampling angle 28 of 0.02". 
The mixed powder was also analyzed by a TG-DTA 
analyzer (Rigaku Denki, TAS-200) for the thermal decom- 
position process and crystallization temperature, where the 
sample was heated at 10"Clmin from room temperature to 
1000°C. 
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2.2. Thermal Expansion Coefficient 
Lattice parameters at various temperature levels of the 

pollucite powders synthesized were determined by a high- 
temperature type powder X-ray diffractometer, from which 
thermal expansion coefficients were determined. The 
analysis conditions were a scanning range of 20=25 to 55". 
scanning rate of I0/min, and heating rate of 10"CImin. The 
measurement was done at intervals of 50°C in a range be- 
tween 50" and 300°C and at intervals of 100°C in a range 
between 400" and 1000°C. Each diffraction peak at various 
temperature levels was analyzed for the 20 value from the 
center point of the half-width, for the one appearing at room 
temperature, and processed by the least-square method to 
find the lattice parameter. 

2.3. Chemical Analyses 
The chemical analysis methods used in this study were 

absorption spectroscopy for the Cs20 composition (after 
atomic SiO, was removed), weight analysis for Si02 (the 
Si02 composition was dissolved in sodium carbonate and 
then treated with perchloric acid fume, to prepare the 
sample), and the EDTA titration method for the A1203 com- 
position (after SiO, was removed). 

3. Results and Discussion 

3.1. Synthesis of Pollucite Powder 
The dry powder of the starting A1203/Si02 gel mixture 

(A1203/Si02 =1/4 mol/mol) was analyzed by the TG-DTA 
method. The TG-DTA curves were characterized the broad 
exothermic peak and weight loss at up to around 500"C, 
resulting from combustion of adsorbed ethanol. They 
remained unchanged at above 500°C. based on which the 
dry powder of the mixed gel was thermally treated at 550°C 
for 2h, to which the CsNO, powder was added to prepare 
the mixed powder of the pollucite composition (hereinafter 
referred to as Mixed Powder). 

Figure 1 presents the TG-DTA curves of mixed powder. 
The sharp endothermic peak found at around 150°C results 
from the phase transformation of CsNO, from the hexagonal 
to cubic system,lO' the exothermic peak at 200" to 300°C 
from the combustion of adsorbed ethanol, and the endother- 
mic peak at 500" to 700°C associated with a weight loss, 

from thermal decomposition of CSNO~.'" For the thermal 
decomposition of the nitrate to be completed, it is necessary 
to hold the sample for a long time at sufficiently high 
temperature at which it is thermally decomposable, e.g., at 
600" to 7 W C  for 12h.I'' 

An attempt was made, therefore, to analyze the dry pow- 
der of the mixed gel by the TG-DTA method, after thermally 
treating the sample at 600°C for 10h or at 750°C for 10h. 
The results are given in Fig.2. Mixed powder thermally 
treated at 600°C for 10h had a weight loss at around 700°C 
indicating that the above conditions were insufficient for the 
thermal decomposition of CsNO,. For mixed powder ther- 
mally treated at 750"C, the weight loss resulting from ther- 
mal decomposition of CsN03 at around 700°C was not 
found not on the TG curve, and there was an exothermic 
peak at around 950'C on the DTA curve. It was found that 
the exothermic peak appearing at around 950" to 1000°C 
varied with extent of thermal decomposition CsNO3 + 
CszO + NO, occuning at 500" to 700"c.'~' 

In order to identify the exothermic peak, mixed powder 
thermally treated at 750°C for 10h was analyzed by a high- 
temperature type powder X-ray diffractometer. The results 
are given in Fig.3. Mixed powder remained amorphous at 
up to 900"C, but the pollucite phase appeared at above 
950°C. from which it was judged that the exothermic peak 
found at around 950°C on the DTA curve was the crystal- 
lization peak of the pollucite phase. The diffraction peak of 
the CsAlSi04 phase was also found, in addition to that of 
the pollucite phase, at above 1000°C in the X-ray diffraction 
patterns given in Fig.3. Presence of the CsA1Si04 phase 
became clearer as crystallization of mixed powder 
proceeded. This phase, however, disappeared when calcina- 
tion temperature for mixed powder was increased to above 
1300°C. as shown in Fig.4, and therefore powder of the 
single pollucite phase was synthesized. 

The conventional method to synthesize pollucite powders 
is based on the liquid-phase process using aluminum nitrate, 
Si02 (or ethyl silicate) and cesium carbonate as the starting 
materials, the product being kept at 1100" to 12WC for 3 
to 6 days, to prepare the single phase.5"' Importance of 
mixing the starting materials uniformly is also pointed out." 
Therefore, mixed powder was calcined at 1000°C for 2 to 
100h, to investigate the relationship between relative inten- 
sity of the (400) plane of pollucite and half width. The 
results are given in Fig.5. The powder, when calcined at 
1000'C for 2h, was almost amorphous, and relative intensity 
of the pollucite phase increased with calcination time, at- 
taining a constant level at 50h or longer. 

DTA TG 
I 1 1 1 , , ,  

, V  , 
0 200 400 600 800 1000 

Trrn~erature  I ' C  

Fig. 1. TG-DTA curves of pollucite composition powder. 
Fig. 2. TG-DTA curves of each pollucite composition powder 
after heat treatment. 
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Fig. 3. X-ray powder diffraction patterns of pollucite composition powder at various temperatures by high-temperature XRD with CuKa. 
Fig. 4. X-ray powder diffraction panems of pollucite composition powder calcined at various temperalum, with CuKa. Holding time was 2h 
Fig. 5. Effect of holding time on the relative intensity and half width of pollucite powder. 
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Fig. 6. X-ray powder diffraction patterns of (A) Cs20: 
SiO~:A1201 = 1:4:1, (B) Cs20:SiG:A1203 = 1:4:2.5, (C) 
Cs20:Si02:A1203=1:4:4 and (D) Cs~0:SiO~:A120~=1:6:1 composi- 
tion powders, with CuKa. Calcined at 14WC, 5h. 

It may be therefore concluded that calcination tempera- 
ture of at least 1000°C is needed to synthesize the powder 
of the single pollucite phase, and that required holding time 
decreases as calcination temperature increases. 

3.2. Single-Phase Pollucite Region 
The powder samples in which each of Cs20, Si02 and 

Fig. 7 

- .- 
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Fig. 7. X-ray powder diffraction patterns of Cs20:Si02:Al~O~= 
10:4:1 composition powder calcined at 14WC for various times, 
with CuKa. 

0 CsAlSiz@ 

JbI_,l_i 1400% 
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N2o3 was present in excess of the stoichiometric content 
were prepared, and were calcined at 1400°C for 5h, to in- 
vestigate the single pollucite phase region by analyzing the 
products by a powder X-ray diffractometer. 

Figure 6 presents the powder X-ray diffraction patterns 
of the products prepared from the sample powders of vary- 
ing Cs20:Si02:A1,03 molar ratio. The composition of 

20 25 30 35 
2 8  / deg 
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Table 1. Composition of starting material and heat treatment condition and chemical composition of each pollucite powder after heat treatment. 

C o r n p o s i t o n  o f  H e a t  t r e a t m e n t  C h e m i c a l  c o m p o s i t i o n  
s t a r t i n g  m a t e r i a l  t i m e  ( h )  a f t e r  h e a t  t r e a t m e n t  
C S . O : S I O ~ : A I ~ O I  a t  1 4 0 0 C  C s r O : S i 0 2 : A l ~ O ~  M a r k  i n  
( m o l a r  r a t t o )  (solar r a t i o )  F i g . 8 - I 3  

l : 4 : 1  5 0 . 9 1  : 4  : 0 . 9 6  0 
1 . 3 3 :  4  : 1 . 3 3  1 0  0 . 9 1  : 4  : 1 . 2 7  0 

2 : 4 : 2  2 0  0 . 9 7  : 4  : 1 . 9 7  
I : 4  : 1 . 2 5  5 0 . 8 7  : 4  : 1 . 2 0  A 
1  : 4  : 1 . 5  5 0 . 8 8  : 4  : 1 . 4 4  A 

L I I I I I 
0.2 0.3 0.4 0.5 0.6 

A1~031SiOz molar ratio Temperature 1 'C 

Fig. 8 Fig. 9 Fig. 10 

Fig. 8. Pollucite composition region of the Cs~O-Si02-A12@ system. The symbols in this figure are the same as those in Table 1.  
Fig. 9. Lattice parameter of various pollucite composition powders. The symbols in this figure are the same as those in Table 2. 
Fig. 10. Relation between temperature and thermal expansion for pollucite powder obtaimed from various AIz011SiOz and Al2Oz/Cs10 molar 
ratios at CszO/Si0~=0.25. 

Cs20:SiO2:AI2O3 = 1:6:1, higher in Si02 content than the using the data shown in Table 1. The single phase region 
stoichiometric pollucite composition, had the CsAISi,O,, expanded in the direction of increasing Al2O3ISiO2 ratio and 
phase in addition to pollucite, and the Alp3-rich composi- of slightly decreasing Cs201Si02 ratio, where SiOz was at 
tion (Cs20:SiO2:AI2O3 = 1:4:4) had the a-A1203 phase, in the stoichiometric content. 
addition to ~ollucite. The Cs,O:SiO,:AI,O, = 1:4:2.5 com- - - -  
position, on the other hand, had only a trace of diffraction 
peak of a-Ah03 and hence was of almost single-phase. By 
contrast, the Cs20-rich composition of Cs20:Si02:A&03 = 
10:4:1 had the pollucite and CsA1Si04 phases, as identified 
by the powder X-ray diffraction analysis (Fig.7), when cal- 
cined at 1400°C for 48h. Intensity of the diffraction peak 
of the CsAISiO, phase tended to diminish as calcination 
time increased, and the powder of the single pollucite phase 
was prepared by increasing calcination time to 96h. 

Table 1 summarizes the Cs20:Si02:A1203 compositions 
and the calcination conditions therefore that gave the single 
pollucite phase, and the chemical compositions of the heat- 
treated products, determined by the chemical analysis. The 
Cs20/Si02 molar ratio was varied around the stoichiometric 
pollucite ratio in a range from 114 to 1014. The Cs20/Si02 
ratio of the calcined products, however, were fairly close to 
the stoichiometric ratio to vary in a range from 0.8514 to 
1.0214, because of the evaporation of the Cs compound 
during the calcination process.'2' Next, the A120JSi02 ratio 
was varied from 114 to 2.514, and the calcined ratio was 
0.9614 to 2.3814. Thus, the powder of the single pollucite 
phase resulted from the A1203-rich composition. 

Figure 8 shows the single pollucite phase region, drawn 

3.3. Effects of Changed Composition on Lattice 
Parameter of Pollucite 

The effects of changed Cs20:Si02:A1203 composition on 
lattice parameter of the single pollucite phase were inves- 
tigated using the lattice parameter levels varying with the 
AI20dSiO2 ratio. The results are given in Fig.9. The lattice 
parameter varied significantly with A1203/Si02, when the 
Cs20/Si0, ratio was set at the stoichiometric ratio of 
0.25mollmol. By contrast, it was essentially irrespective of 
the A120dSi02 ratio, when the Cs20/Si02 ratio was set at 
0.22, which was slightly lower than the stoichiometric level. 

Next, the effects of Cs20/Si02 ratio on the lattice 
parameter were investigated, based on the pollucite struc- 
ture. The pollucite structure is characterized by Cs' ion 
being coordinated in the three-dimensional aluminosilicate 
network where the SiOl and AlOi tetrahedrons share the 
apexes, and size of the Cs' ion in the network structure 
makes the system cubic at room temper at^.^' In other 
words, pollucite structure characterized by the Cs' ion will 
vary in lattice parameter with Cs201Si02 and A1203/Si02 
ratioes, the latter being related to the aluminosilicate net- 
work structure. Table 2 summarizes the CsJSi02 and 
A120JSi02 ratios, and corresponding lattice parameters, 



Vol. 99-674 Journal of the Ceramic Society of Japan, Int. Edition Kobayashi, H .  er a[ .  

50 0 1000 
O Temperature / 'C 

I I I I I 
0 500 1000 

Temperature / % Temperature 1 'C 

Fig. 11 Fig. 12 Fig. 13 

Fig. 11. Relation between temperature and thermal expansion for pollucite powder obtained from various Al20,ISiOz and A1201/Cs20 moll  

ratios at Cs~OISi014.23. 
Fig. 12. Relation between temperature and thermal expansion for pollucite powder obtained from various CszOISiOz and AhOdCs20 molar 

ratios at AI~On/Si0~=0.32. 
Fig. 13. Relation between temperature and thermal expansion for pollucite powder obtained from various CszOISiO2 and AhOKs20 molar 

ratios at AhOdSi0~0.24. 

from which it is judged that the parameter is affected more 
by Cs20/Si02 than by AI203/SiO2, and that volumes of the 
A10, and Si04 tetrahedrons relative to that of Cs' in the 
pollucite structure (Csf ion is fairly larger than the Si04 
tetrahedron, but large than the A104 tetrahedron only slight- 
ly) determine the Cs20/Si02 and AI2OfliO2 ratios, to vary 
lattice parameter level. 

3.4. Changes in Pollucite Composition and Thermal 
Expansion Behavior 

Lattice parameter of the pollucite powder at room 
temperature varies with the Cs20:Si02:A1203 compositional 
change which reflects relative size of Cs' ion, and A104 and 
Si04 tetrahedrons. It is expected that the compositional 
change also affects the pollucite structure whose thermal 
expansion behavior will be different from that of the pol- 
lucite powder discussed ear~ier.'~' In order to confirm this, 
thermal expansion behavior of the single-phase pollucite 
powders of different compositions, shown in Fig.8, was in- 
vestigated. 

Figure 10 shows thermal expansion of the pollucite pow- 
ders whose Cs20/Si02 ratio was set at almost the 
stoichiometric ratio of 0.25. The sample powder having 
almost the stoichiometric composition 
(Cs20:Si02:A1203=1.02:4:1.01, marked with A) had thermal 
expansion coefficient increasing positively as temperature 
increased from room temperature to 200" but essentially 
constant in a temperature range from 200' to 600'C. Such 
behavior is in agreement with that discussed ear~ier.'~' In- 
creasing temperature further increased the coefficient, 
though at a much lower rate than observed at from room 
temperature to 200'C. 

The sample powders having higher A120JSi02 and 
A1203/Cs20 ratios than the stoichiometric ratios (marked 
with A , A ) had thermal expansion coefficient increasing 
notably in a temperature range from room temperature to 
200'C and above 600°C. Increasing A1203 relative to Cs20 
and Si02 from the stoichiometric ratios increased thermal 
expansion coefficient more notably, and, in particular, 
decreased temperature at which the coefficient started to 

increase at above 600°C. 
Figure 11 shows thermal expansion of the pollucite pow- 

ders whose Cs20/Si02 ratio was set at 0.23 which was lower 
than the stoichiometric ratio. In such a case, the coefficient 
increased slowly with temperature, almost insensitive to 
AI2O3/SiO2 in a range from room temperature to 200°C. At 
above 600'C. the coefficient tended to increase in the A1203- 
excess region. Richerson et al. attribute increased thermal 
expansion coefficient at above 600°C to the presence of 
unreacted A1,03 and S ~ O ~ . ~ '  It is considered that the in- 
creased thermal expansion coefficient at above 600"C, ob- 
served in this study, is attributable to trace quantities of 
a-A1203 present in the sample powders, though not detected 
by the X-ray diffraction analysis of the single-phase pow- 
ders, judging from the dependence of the coefficient on 
excess AI2O3 ratio and formation of the a-A1203 when A1203 
is present in an excessive quantity, as discussed in Section 
3.3. 

Figure 12 shows thermal expansion coefficient.of the 
sample powders having an A120JSi02 ratio of 0.32. It 
decreased as Cs20/Si02 decreased from the stoichiometric 
level at room temperature to 200'C. It is therefore expected 
that decreasing Cs20/Si02 ratio affects thermal movement 
of the open 4-member rings in which no Cs' ion is coor- 
dinated in the alurninosilicate network ~tructure.~' 

Figure 13 shows thermal expansion coefficient of the 
single-phase pollucite powder of almost the stoichiometric 

Table 2. Composition and lattice parameter of pollucite powder 

after heat treatment. 

H a r k  i n  C s ~ O l S i O z  L l z O ~ l S i 0 1  L s t t i c e  
F i g . 9 - 1 3  m o l a r  r a t i o  m o l a r  r a t i o  p a r s m c t e r ( A )  

0 . 2 2  0 . 3 0  1 3 . 6 7 0  
0 . 2 2  0 . 3 6  1 3 . 6 7 0  

0 0 . 2 3  0 . 2 4  1 3 . 6 7 1  
0 0 . 2 3  0 . 3 2  1 3 . 6 7 6  

0 . 2 3  0 . 6 0  1 3 . 6 7 2  
0 . 2 4  0 . 4 9  1 3 . 6 7 9  

A 0 . 2 5  0 . 2 9  1 3 . 6 8 2  
A 0 . 2 5  0 . 3 2  1 3 . 6 9 7  
A 0 . 2 6  0 . 2 5  1 3 . 6 7 5  
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composition. The coefficient was 0.35% or less in a 
temperature range from room temperature to l W C ,  when 
the A120dSi02 and Cs20/A1203 ratios were close to the 
stoichiometric levels. In particular, the moderate increase 
in the coefficient at above 600'C conceivably results from 
inclusion of trace quantities of a-A120, in the lattices to 
decrease its quantities. 

In summary, thermal expansion of the pollucite powder 
is affected by its compositional change. It is necessary to 
keep the Cs20/Si02 ratio below the stoichiometric level and 
A120dSi02 ratio close to the stoichiometric level, in order 
to synthesize the pollucite powder of low thermal expan- 
sion. 

4. Conclusions 

The pollucite powder was synthesized by the sol-gel 
process, to investigate the single-phase region and the ef- 
fects of compositional change on thermal expansion be- 
havior. 
1) Crystallization of the pollucite phase starts at around 

100WC. It is necessary to control calcination conditions, 
in order to produce the single pollucite phase. 

2) The single-phase pollucite region extends in the direction 
of excessive quantities of Cs20 and A1203 relative to 
Si02, in a Cs20/Si02 range from 0.9114 to 1.0214 and an 
A120JSi02 range from 0.9614 to 2.3814. 

3) Lattice parameter of the pollucite powder at room 
temperature is determined mainly by the Cs20/Si02 ratio, 
which conceivably results from relative volumes of Cs' 
ion, and A10i and SiO, tetrahedrons in the pollucite 
structure. 

:iety of Japan, Int. Edition Vol. 99-675 

4) Thermal expansion of the pollucite powder js affected 
greatly by the compositional change. Thermal expansion 
coefficient tends to decrease as the Si02/Cs20 ratio 
decreases at room temperature to 200'C. It is also ob- 
sewed that the coefficient increases as the A120;/Si02 
ratio increases at above 600°C. This is attributable to 
trace quantities of a-A1203 present, and is controlled by 
keeping Cs20/Al2O3 21. 
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The sintering property of powder mixture compacts of 
Tic  and Si in a nitrogen atmosphere at 1350°C is dis- 
cussed. Tic  formed TiN and free carbon on reaction 
with nitrogen, and a small portion of this free carbon 
was converted into P-Sic on reaction with Si. A large 
portion of the Si formed Si3N4 on reaction with nitrogen. 
Approximately half of the Tic remained unreacted when 
heated for IOh at the final sintering temperature of 
1350°C. Thus, composite ceramics having a composition 
of TiC.TiN.Si3N4.CP-Sic were obtained. The porosity of 
this composite was much smaller than that of ordinary 
Si3N4 bonded ceramics because of the volume increase 
caused by the conversion of Si to Si3N4 and additionally 
of Tic  to TIN, C and b-Sic. Carbon, in particular, 
seemed to have a remarkable effect on reducing the num- 
ber of pores in the sintered body. The sample dimensions 
increased in the sintering stage partly because Tic par- 
ticles formed porous clusters of TIN by reacting with 
nitrogen. 
[Received March 7, 1991; Accepted May 23, 19911 

Key-words: Composites, Nitridation, Silicon nitride 
bonded ceramics, Gas phase reaction, Titanium carbide, 
Reaction-bonding, Low porosity, Near-net-shape sintering 

1. Introduction 

We have studied the Si3N4-bonding process of inorganic 
compounds by heating the green compacts made of Si pow- 
ders and various inorganic compound particles in a nitrogen 
atmosphere, in which process the Si3N4 for bonding is 
produced as a reaction product. With this process, we 
developed Si3N4-bonded Sic of high strength having a small 
dimensional change during sintering,12' Si3N4-bonded TiN 
having an electrical condu~tivitv.~' and SilN.-bonded z ~ N . ~ '  
~ioce-the particles of Sic, ex  and Z ~ N  used as the raw 
materials are inorganic compounds stable at the nitridation 
temperature of Si, they do not change themselves chemical- 
ly during sintering, therefore, they do not change in their 
particle shapes?-5' 

As sintering processes of ceramics based on a chemical 
reaction, not only the gas phase reaction bonding process 
utilizing nitrogen gas above mentioned and other gases, but 
also the solid-liquid phase reaction bonding process utilizing 
the liquid phase and the self-propagating high temperature 
synthesis process utilizing reaction heat between ceramic 
particles involved are already kn~wn.~.'' However, most of 

with metallic elements, and the possibility of a reaction 
bonding process utilizing special inorganic compound par- 
ticles, for instance, transition metal carbide, which easily 
become nitride at high temperature, has been little studied. 
If this process is applied to the afore-mentioned Si3N4- 
bonded sintered bodies, we might expect that the particle 
shape of inorganic compounds changes due to their own 
chemical changes at high temperature, thereby affecting the 
sintering property and the microstructure of the sintered 
body. 

From this viewpoint, we chose Tic powders as the inor- 
ganic compound in our current study because they are 
known to react with nitrogen at high temperature in a 
nitrogen a tm~s~here .~~" '  We canied out experiments 
mixing them with Si powders and heating the green com- 
pacts in a high temperature nitrogen atmosphere in the same 
manner as in our previous studies. We investigated the 
sintering property and the microstructure of the sintered 
bodies, and finally discussed the sintering mechanism. 

2. Experimental Procedure 

2.1. Preparation of Test Samples 
The experimental procedure starting from the raw 

materials used until the sintered bodies are obtained is 
described in detail in the following. 

We observed the raw materials with a scanning electron 
microscope (SEM). Some micrographs are shown in 
Fig.1. Metallic Si powders used were fme particles having 
a wide size distribution and a mean size of 1 ~ m .  Inorganic 
compound powders were Tic powders having a wide size 
distribution and a mean size of l o p .  The Tic powders 
contained various impurity materials; Fe: 0.02wt%, N: 
1.26wt% and 0: 1.18wt%. Tic has a density (4.92~~1111~). 
which is the lowest among various electrical conductive 

ihese processes are based i n  the utilization of a reaction Fig. 1. SEM micrographs of Si and Tic powders. 
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compounds commercially applicable, a high oxidation resis- x 100 
tance, and a low electrical resistivity (0.61@n). As an 
additional feature, Tic is known to react with nitrogen to 
form Ti nitride in a nitrogen atmosphere above 1500"~.~-"' 

We put Si and Tic powders in a pot mill together with 
methanol and balls made of Si&, and mixed them for 24h. 
These two kinds of powders were mixed in various ratios 
of SfliC such as (1) 65.5/34.5wt%, (2) 41.5/58.5wt%, (3) 
32.1/67.9wt%, (4) 24./760wt% and (5) 16.9/83.lwt%. After 
drying these mixed materials at the room temperature, we 
added a plyethylene thermoplastic resin as a binder, n 
kneaded them for 5h with apressure-loaded kneader. The 
addition ratio of the binder was fixed at 19.4~01%. After 
cooling the kneaded materials, we crushed them to less than 
I h e s h .  These materials were put in a metal mold which 
was preheated at 140°C. Green compacts were formed at a 
pressure of 98MPa. Tey were 50mm in diameter and abut 
l h m  thick. The green compacts were placed in a dewax- 
ing k in  and the resin content removed by heating (heating 
rate: 5"Ch) from room temperature to 500'C in an Ar 
atmosphere. After that, using graphite induction heater 
type kiln, we fired the dewaxed compacts in a nitrogen gas 
atmosphere at the gas pressure of 0.88MPa by stepping up 
the firing conditions from 1100°C x 20h to 1200°C~ 20h, 
1250°C~ 10h, 1300'Cx 10h and 1350 'x 10. 

2) Porosity of sintered body: 
Porosity of the sintered bodies was measured with a 

porosimeter, 
3) Analyses of sintered body texture: 

The sintered bodies were crushed into powder using a 
mortar made of tungsten carbide. We identified their con- 
stituents by powder X-ray diffraction analysis. Microstruc- 
ture was analyzed using an optical microscope, an SEM 
(Hitachi model S-900), and a transparent electron micro- 
scope (TEM) (Hitachi model H-800 and JEOL model 
2000FX). 
4) Analysis of free carbon in sintered body: 

Powder samples (0.5g) prepared by crushing the sintered 
bodies in the tungsten carbide mortar were heated under an 
oxygen stream. Carbon was oxidized to COz, which was 
determined with an infrared absorption spectrophotometer 
(Horiba model EMIA-110). 

5) Bending strength of sintered body: 
Test specimens of the sintered bodies were prepared in a 

square rod shape (4Ox4x3mm), as defined by was measured 
the JIS R1621 standard, and the bending strength by three- 
point bending test method. Test conditions were a support- 
ing point distance of 30mm and a cross-head speed of 
8.33x104m/s. 
6) Young's modulus of sintered body: 

2.2. Evaluation of Characteristics of Samples Young's modulus of the sintered bodies was measured by 
Regarding the characteristics of the green compacts and an ultrasonic pulse method. The test specimens were plate 

the sintered bodies obtained, we considered the following shaped (2Ox20xlmm). 
items. 
1) Dimensional change during sintering: 

Based on the dimensions of dewaxed compacts after 3. Results and Discussion 
resin removal, we calculated the dimensional change 
during sintering. A slide caliper having an accuracy of 
1/100mm was used to measure sample dimensions. 3.1. Microstructural Analysis 

dimensional change during sintering (%) = By comparing the X-ray diffraction patterns of the 

dimensions of sintered body - dimensions of dewaxed compact sintered bodies obtained in our test with JCPDS cards on 
known substances, we confirmed the presence of Tic 

dimensions of dewaxed compact originating from the raw materials a-Si3N4 and P-Si3N, 
which were nitrides of Si originating from the raw 

s 
materials, and also TiN, P-Sic and C. Figure 2 shows the 

- X-ray diffraction analysis for sample (3) (SiDiC 
=32.1/67.9wt%). The presence of TiN and P-Sic respec- 
tively suggests that Tic powders contained in the raw .. materials were converted to TiN on reaction with nitrogen 

10 50 
C u - K a  2 8  (des.1 

100 during firing, and a part of free C was converted to P-Sic 

Fig. 2. Result of X-ray diffraction of sintered body on reaction with Si. Tic is known to form nitride easily at 

(SifliC=32.1/67.9wt%) 1500"~.~-"' Although the atmospheric firing temperature of 
1350°C was lower than that we assume that the nitridation 

Fig. 3. ~ptical'rnicro~ra~hs of polished surface of the sintered bodies (sample: SMC=O; 65.5/34.5wt%. 0: 32.1/67.9wt%, 8; 16.9/83.lwt%) 
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of Tic progressed because nitridation of Si is of exothermic 
(about 6 7 0 ~ ~ / m o l ' ~ ' )  in the and the firing time is long. 

Figure 3 shows optical micrographs of the polished sur- 
faces of three kinds of sintered bodies. Black parts cor- 
respond to pores, and white spotted parts to Ti compounds. 
We analyzed the same polished surfaces by SEM and EPMA 
(electron probe microanalysis) and the results are shown in 
Fig.4. The pore-like structures in the SEM micrographs 
correspond to the white parts in Fig.3. Much Ti was 
detected in these parts, while Si was detected elsewhere. To 
examine these white parts, we observed the fracture surface 
of the sintered bodies using a high magnification SEM. 
Results are shown in Fig.5. We also applied a TEM analysis 
to the white parts, and these results .are shown in Fig.6. 
Figure 5 shows the porous bodies were produced around the 
unreacted Tic particles, and the electron beam diffraction 
pattern given in Fig.6 proves that these porous bodies con- 
sist of TiN. Furthermore, electron energy-loss spectroscopy 
(EELS) analysis (resolution: 5-10nm) of the surface layer 
part of the Tic particles by peaks of Ti, C and N. This result 

n I Sample No 

- -, 

Fig. 4. SEM micrographs and EPMA analysis of the sintered 

suggests that an intermediate product of Ti(CN) solid solu- 
tion''' was formed from the surface layer of Tic particles in 
wards in the same manner as gradient composite materials 
are formed. In addition, whisker-like substances formed in 
the surface layer part of Tic particles, as seen in Fig.7, and 
they were identified as Ti(N0) by EELS analysis. We as- 
sume that Ti(N0) was formed by the reactions shown below, 
in which Tic to forms TiN and generates free C, Ti oxide 
films at the surface of Tic particles are reduced by this free 
C and nitrided to form Ti(NO), and CO gas produced in 
these reduction and nitridation reactions reacts with Ti oxide 
films to form Ti(N0). 

Parts other than the white parts in Fig.3 were proven to 
be include a-Si3N4 and P-Si3N4 based on the X-ray diffrac- 
tion pattern in Fig.2 and the EPMA analysis results in Fig.4. 
But it was confirmed from the TEM image and the electron 
beam diffraction pattern shown in Fig.8 that P-Sic particles 
were also prresent as based on the X-ray diffraction pattern 
shown in Fig.2. We assume that this P-Sic was formed by 
the reaction of Si with free C produced in the nitridation of 
Tic, or with CO gas produced by the reaction of free C with 
Ti oxide film and atmospheric oxygen. Reactions to form 

bodies (sample: SimC=O: 65.5/34.5wt%. 0; 32.1167.9wt90, Fig. 5. SEM micrographs of fracture surface of sintered body. 
6:16.9/83.lwt%) 

L I 

EELS 

TEM image 

Fig. 6. Typical TEM image, diffraction pattern and electron energy loss spectroscopy of the sintered body. 
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TEM Image 

I I 
EELS 

Fig. 7. TEM image and eleceon energy-loss spectmscopy showing whisken on the Tic particle in the sintered body. 

i_j 

1 am 

TEM image 

Fig. & TEM image and micro-diffraction pattern showing P-Sic 
in the sintered body. 

P-Sic are given below. 

These P-Sic particles are in a dispersed state in the Si-rich 
parts in Fig.4, which are the parts other than the white parts 
in Fig.3. 

From TEM analysis, we also confirmed the presence of 
free C in the sintered bodies, which was detected by the 
X-ray diffraction analysis in Fig.2. The TEM image is 
given in Fig.9. The free C was produced in the nitridation 
of Tic to form TiN. It is observed in Fig.9 that the respec- 
tive crystal lattices of Si3N4 and C conform to each other. 
We suppose these free C particles are dispersed in the 
porous substances around Tic particles as well as in the 
Si3N4 particles. 

In summarizing these experimental results, we confirmed 
that, by firing the compacts prepared with Si and Tic  mixed 
powders in a nitrogen atmosphere at 1350"C, TiN, Sic, C 
and Si3N4 were formed in the sintered bodies, and that un- 
reacted Tic and intermediate products of Ti(CN) solid solu- 

C and SiA'4 in the sintered body. 

tion and Ti(N0) were also contained in the sintered bodies. 
The model of a sintered body is schematically illustrated in 
Fig.10. 

We expect that composite ceramics mainly consisting of 
TiNSiCSi3N4C will be obtained we extend the firing time, 
or increase the f i n g  temperature. 

3.2. Sintering Characteristics 
The dimensional changes of the compacts during sinter- 

ing are shown in Fig.11 in relation to the mixing ratio of 
Tic powders. For comparison, the dimensional changes of 
Si3N4-bonded sic," Si3N4-bonded T~N," and Si3N4-bonded 
z~N:' are shown in the same figure. Small dimensional 
changes, around -0.1% for the ceramic materials compare 
with dimensional changes as large as +0.3 to 0.7% during 
sintering for compacts with added Tic powders. Changes 
increase remarkably with larger mixing ratio of Tic pow- 
ders. We attribute the different behaviors of our tested com- 
pacts to the formation of porous TiN phase around the Tic 
particles (Fig.5) and the formation of free C, with a large 
specific volume through the nitridation of Tic; Most of this 
free carbon remains in the sintered body. 

Figure 12 compares the measured porosities of sintered 
bodies with those of the ceramic materials. For the latter, 
porosity increases remarkably with larger mixing ratio of 
respective inorganic compound particles. This behavior is 
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Fig. 10. Schematic illustration of micmswcture. 

amibuted to the decreased Si content in the compact, be- 
cause Si causes a as large volume expansion (22%) during 
nitridation and fills voids in the compacts. By contrast, for 
compacts sintered in our tests, the porosity remains low (8 
and 11~01%) even when the mixing ratio of Tic powders 
was increased. We attribute such low porosity to the 
presence of low density, free C, as is discussed next. 

3.3. Densification Phenomenon 
We consider why the sintering characteristics of our Tic- 

added materials differ fmm those of ordinary Si3N4-bonded 
ceramic materials. Figure 13 shows the reaction processes 
of Tic-added materials. We neglected the formation of 
Ti(CN) solid solution and Ti(N0) and the loss of free C to 
the outside thmugh its conversion to CO gas. 

a, and y respectively express the conversion ratios of 
Si to Sic, Tic to TiN and C to Sic, and the bracketed values 
indicate the mole quantity of the respective materials and 
products. With these symbols, we can quantitatively ex- 
press the products produced fmm Si(Ms mole) and TiC(MT 
mole), as shown in Fig.13. 

C and Si react with each other at a mole ratio of 1:l to 
form SIC: 

This is transformed to, 

Volume increase ratio R v  of the compacts due to the 
nitridation reaction can be calculated fmm volumes of 
respective constituents, which were obtained from the 
respective mole quantities. It is expressed as, 

R V  = {[S~,N,] . 1/3Ms . (1 - a )  + [Sic] . itaicMT 
+ [TiN] . MT. P + [Tic] . MT 
. {(I - P) - ([Sil . Ms + [Tic] . M~)} 
I ( [a ]  . Ms + [Tic] . MT) . . . . . . . . .  (2) 

Here, figures enclosed with heavy brackets indicate the 
respective molar volumes of the constituents. By introduc- 
ing equation (1) into equation (2). the volume increase ratio 
R v  can be expressed as the function of Ms, MT, P and y. 

We calculated the volume increase ratio R v  by applying 
the weight change ratio, the dimensional change ratio and 
the experimental porosity obtained in the sintering process 
of dewaxed compacts. Then, after introducing this volume 
increase ratio R v  together with the respective mixing ratios 
(Ms and MT) of the raw materials and the nitridation ratio 
(p) of Tic to T i  into equation (2), we calculated the con- 
version ratio (y) of free C to Sic, and obtained the residual 
ratio (I-y) of free C in the sintered bodies. Table 1 shows 
the calculation and analysis results in the sintered bodies. 

20 40 60 80 100 
Addition of ceramic particles (wt%) 

Fig. 11. Comparison of dimensional change in sintering stage 
among various Si& bonded ceramics. 

The nitridation ratio (P) of Tic to TiN given in Table 1 was 
obtained from the intensity ratio on the (400) plane in the 
X-ray diffraction pattern in Fig.2. The calculated values of 
free C are close to the analysis values, therefore, we think 
the reaction processes illustrated in Fig.13 are acceptable. 
The nitridation ratio (P) of Tic to TiN was almost constant 
around 55%, and independent on the mixing ratio of Tic 
particles in the raw materials. 

Table 2 shows the composition (~01%) of various 
sintered bodies, which we get using the above calculated 
results. We neglected Ti(CN) solid solution and Ti(NO), 
because both were very small quantities. The respective 

I 
20 40 60 80 100 

Addition of ceramic Darticles (wt%l 

Fig. 12  Comparison of volume faction of pore in the sintered 
bodies among various Si& bonded ceramics. 

Fig. 13. Nitridation process of mixed powder compact of Si and 
Tic, n: change ratio from Si to SIC, P: nitridation ratio of Tic, 
y: change ratio frmn free carbon to Sic. 
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Table 1. Quantitative analyses for nihidation of mixed powder of Si and Tic. 

Table 2. Calculated composition of the sintered bodies 

qualities of free C and S i c  produced increase with larger 
Tic additions. As we previously mentioned, reaction- 
bonded sintered bodies having a low porosity, or a densified 
structure, were produced in our current experiments. The 
main reason for such a densified structure is due to of about 
98% of the free C produced in the sintering bodies in the 
nitridation process of Tic, remaining in the product. 

3.4. Mechanical Characteristics 
Figure 14 shows the relationship between porosity of the 

sintered bodies and bending strength. Various reaction- 
bonded ceramics Si3N4-bonded Sic, Si3N4-bonded TiN and 
Si3N4-bonded ZrN are also compared in the same figure. In 
the case of the latter materials, bending strength increased 
with the decrease of porosity. For the sintered bodies in our 
current tests, bending strength also increased with the 
decrease of porosity, but the bending strength was smaller 
than that of the comparison materials. Figure 15 shows the 
relationship between porosity of the sintered bodies and 
Young's modulus Young's modulus of the sintered bodies 
was about half that of Si3N4-bonded TiN in the same 
porosity range. We attnibuted these small mechanical char- 
acteristics to the presence of a large quantity of free C in 
the sintered bodies. 

4. Conclusion 

1) When compacts of mixed powders of Si and Tic were 
fued in a nitrogen atmosphere at 1350'C, Si formed a- 
Si3N4 and P-Si,N4, and, at the same time, Tic particles 
gave TiN and free C. A part of this free C reacted with 
Si to form P-Sic. and composite ceramics, mainly con- 
sisting of Si3N4.TiC.TiN.C.P-Sic, resulted. 

2) Since free C, having a large specific volume, was 
produced by nitridation of Tic, and most of the free C 
produced remained in the sintered bodies, sintered bodies 
having a small porosity (8 to 11~01%) were obtained. 
Such small porosity has been difficult to obtain in con- 
ventional reaction-bonded ceramic materials. 

3) Dimensions of the sintered bodies increased by 0.8% at 
maximum during sintering, because the porous phase 

u 
'0 5 10 15 20 25 30 35 

Volume fraction of pores (%I 

Fig. 14. Relation between volume Fraction of pore and bending 
strength. 

Volume fraction of pores (%I 

Fig. 15. Relation between volume fraction of pore and Young's 
modulus. 

consisting of TiN and other phases was formed around 
the Tic particles by nitridation and decomposition of 
Tic, and also free C having a large specific volume was 
formed. 

4) On the surface of Tic particles, Ti(N0) formed in addi- 
tion to TiN and TI(CN) solid solution, which were 
formed by the reaction of Tic with nitrogen. We sup- 
posed the Ti(N0) was formed by reduction and nitrida- 
tion of Ti-oxide films at the surface of the Tic particles. 

5) Regarding the free C formed, a part of it changed to Sic, 
but the major part, about 98%, remained in the sintered 
bodies, according to our calculation. This value agreed 
with the analysis value. 

6) Bending strength of the sintered bodies was as small as 
200MPa. We assume that these low strengths were 
caused by the residual free C. 
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Preparation of High Tc Superconductors by 
a Plasma-Arc Melting and Rapid Quenching Method 
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High Tc superconductors have been prepared using a 
plasma-arc melting and rapid quenching (PMQ) method. 
Homogeneous and dense superconductors were obtained 
by this method through the crystallization of a supercon- 
ducting phase from an amorphouslike state. 
Particularly in YbBa2Cu30x, a relative density of 
7.14glcm3 (98% of the theoretical density 7.24g/cm3) and 
a large activation energy, 1.5eV, which was related to the 
flux pinning, were realized by this method. 
Furthermore, the formation of insulating Yb2BaCu05 
films on the PMQ processed YbBa2Cu30, substrate was 
attempted by rf magnetron sputtering. No deterioration 
of the YbBa2Cu30, substrate was observed. 
I t  was found that the new method produces a dense and 
homogenous high Tc superconductor for device applica- 
tions. 
[Received March 20, 1991; Accepted May 23, 19911 

Key-words: Superconductor, Oxide, Amorphous phase, 
Crystallization, Rapid quenching, Magnetization measure- 
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1. Introduction 

In the application of high temperature oxide supercon- 
ductors to wires and devices, they must have high density 
and homogeneity which are hard to obtain under the con- 
ventional solid phase reaction method. Therefore, many 
fabrication methods such as sol-gel method," partially melt- 
ing method2' and the likes have been investigated. 

Among them is the high temperature melting and rapid 
quenching method, in which solutions of oxide powders 
melt at 1300 to 1400°C are coagulated on steel or other 
plates, and then synthesized into dense superconductors by 
the subsequent heat t~atment.~ '  However, it is difficult to 
obtain homogeneous products with good reproducibility, 
since the difference in melting points of oxide materials 
makes it hard to get homogeneously melt solution, and the 
unstable process of rapid quenching forms products of 
multi-phase.4' 

Therefore, we developed independently the plasma-arc 
melting and rapid quenching method (called PMQ 
hereafter):' which can produce highly dense and highly 
homogeneous superconductors with good reproducibility by 
instantly melting and quenching at the temperature exceed- 
ing 3000'C at one stage of synthesizing process of 
homogeneous solid solution containing amorphous phase 
and by subsequent crystallization. 

Using this method, we attempted to fonn a superconduc- 
tors of LnBa2Cu30, replacing with Y and other systems 

(Ln), and carried out the study of their adaptability and the 
comparison of their characteristics. 

And we selected the YbBa,Cu30, which is the most 
dense product among Ln systems, and investigated the pos- 
sibility of improving the magnetizing characteristics in this 
process. We further considered on the application to super- 
conductive substrates for devices, and investigated the sur- 
face stability and others. We found its superiority of this 
products, as reported hereunder. 

2. Experimental Procedures 

Figure 1 is the schematic diagram of the apparatus for 
the Plasma-arc Melting and Rapid Quenching Method. We 
used as the starting materials 4 N of Ln203 (Ln=Y, Nd, Sm, 
Eu, Gd, Dy, Ho, Er and Yb), BaC03, and CuO. We mixed 
these materials to the given ratio (LnBa2Cu30x, and fonned 
into discs of 20mm in diameter and 5mm in thickness. The 
specimens were placed on the water-cooled copper hearth 
inside the bell jar. The bell jar was once made to vacuum, 
and the Ar gas was introduced. Then the jar was put to 10 
to 100 TOIT under the Ar gas, and plasma was generated by 
charging high voltage between the electrodes. The plasma 
charging output was 10 to 20kW. The specimens were melt 
instantly in 3 to 5 sec. by this plasma of over 3000'C, then 
rapid quenching was carried out by the water cooled copper 
hearth. The rapid quenched melt specimens were then 
sliced vertically in about 0.5 to 1.Omm and heat treated in 
oxygen for 1 to 3 hours at 920 to 1000'. 

Next the superconductors thus obtained were mirror 
ground, and were coated with insulating film of Yb2BaCuOs 
on the surface with a d magnetron spattering. We used the 
sintering target with the ratio of 2:1:1 for Yb:Ba:Cu, and 
carried out the sputtering under Ar:02= 1: I ,  4Pa of gas pres- 
sure, 50W of input power and 650'C of substrate tempera- 
ture. The film was formed for about l0min. at the coating 
speed of 20amin. 

Fig. 1. Schematic diagram of the apparatus for the plasma-arc 
melting and rapid quenching (PMQ) method. 
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We examined the crystallization process of rapid 
quenched melt specimens by the thermal analyzing method 
and powder X-ray diffraction method, and measured the 
electric resistance with the direct current Cterminal method 
and magnetized characteristics with a sample vibrating type 
ma etometer. 

g e  further carried out the scrutiny on the micmstructures 
with a scanning type electron microscope (SEM) for the 
surface observation and X-ray microanalyzer (EPMA) for 
the composition and Auger electron spectroscopy (AES) for 
the boundary analysis. 

3. Experimental Results and Discussion 

3.1. Preparation of LnBa2Cu30, Superconductors 
Figure 2 shows sample patterns of X-ray diffraction of 

Y13a2Cu0, specimens immediately after being melt and 
rapidly quenched, and Fig.3 indicates the DTA and TG 
measurements of the same specimens. Although we noted 
that crystalline phase was separated from these specimen, 
the rising background in the diffraction patterns and the 
exothermic peak presumably corresponding with the crys- 
tallization around 340°C in the DTA curves implies the ex- 
istence of nonequilibrium or amorphous-like phase. The 
endothermic peak around 850'C was caused by the crystal- 
lization of YBa2Cu30,. 

Figure 4 shows the relationship between the formation 
of impurity phase of other than YBa2Cu30x and the heat 
treatment temperature, by canying out the heat treatment on 
the specimens immediately after the rapid quenching at 920 
to 1000'C for 3hr in oxygen. Each vertical axis points to 
the peak ratio in X-ray diffraction of Y2BaCu05 and 
BaCu02 against Ya2Cu30,, and used the diffraction peaks 

Fig. 2. X-ray powder diftiaction panem at room temperature of 
the quenched YBa2Cu30,. 

C I 
200 400 600 800 1000 

Temperature ('C) 

Fig. 3. Thennogravimehic analysis and differential thermal 
analysis for the quenched YBa2Cu30,. 

from the plane [ lol l  for YBa2Cu30, phase, from the plane 
[002] for Y2BaCu05 phase and from the plane [600] for 
BaCu02 phase. 

It shows us that there is a few impurity phases of 
Y2BaCu05 and BaCu02 at the temperature of 970'C for the 
heat treatment, at which temperature the critical temperature 
registered the maximum temperature of 91K. From this 
fact, we set the most suitable temperature for the heat treat- 
ment after the rapid quenching at 970'C, and prepared the 
specimens of other Lanthanoid systems. Figure 5 indicates 
the degrees of diamagnetism of the prepared specimens 
measured by the vibrating sample type magnetometer and 
their relative density measured by Archimedean method. 
We also shows the results on YBa2Cu30, specimens 
prepared by the solid phase method for comparison. As the 
figure points to, almost all specimens prepared by the PMQ 
method exceed those prepared by the solid phase method in 
the degree of diamagnetism and in relative density. The 
critical temperatures for these remain in 90 to 91K. This 
shows that a good oxide superconductor can be fabricated 
within a short time of 3hr using the PMQ method. We can 
obtain the products with very high density of 98% of the 
theoretical density especially in YbBa2Cu30,. This is 
probably due to the fact that the nature of Yb to easily form 
the solid solution with Ba at comparatively low temperature 
is suitable to the PMQ method which goes through the mol- 
ten status in its process. 

3.2. Critical Electric Field Density of YbBa2Cu30x 
We examined the superconductive characteristics on the 

950 970 990 

Annealing temperature (C) 

Fig. 4. Annealing lemperature dcpendcncc of generation of 
other phase. X-ray peak ratios of 
Y~Ba~O~OOZ)/YBa~CmOdlOl) and 
BaCu01(600)/YBazCu,0.(IOI) in YBaKu~ul0. annealed at tcmpcr- 
atures between 9SO'C and 9WC. 

Fig. 5. Magnetization and the relative density of LnBa2Cu30r su- 
perconducton prepared by h e  PMQ method. 
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most highly dense YbBa2Cu30; products by the PMQ 
method. 

Figure 6 shows the measurements of the magnetic ratio 
in DC range at 77K of YbBa2Cu30, prepared with heat 
treatments at 950"C, 970°C and 990°C. 

When the temperature raised to 970°C from 950°C in the 
heat treatment, the degree of diamagnetism increases sud- 
denly and the hysteresis (AM) also increases at the same 
time, but the specimens with the temperature further raised 
to 990°C in the heat treatment showed the tendency to 
decrease both the degree of diamagnetism and AM. The 
sudden increase in the degree of diamagnetism and AM at 
970°C is related to the microstmcture of the specimen. Fig- 
ure 7 shows the SEM photo covering the cross section of 
the specimen heat treated at 970°C, in which we can see that 
fine Yb2BaCu05 grains (<lpm) dispersed in the of 
YbBa2Cu30, matrix. In the specimens treated at 950°C such 
a dispersion of f i e  Yb2BaCu05 grains was noticed, while 
many impurity phases of BaCu05 and Yb2BaCu05 existed 
on top of YbBa2Cu30x phase in the specimens treated at 
990°C. 

It appeared to us that the sudden increases in diamag- 
netism degree and AM at 970°C was brought about by the 
dispersion of Yb2BaCuOS grains in the YbBa2Cu30, matrix 
effectively working as the pinning center to pin the magnetic 
flux, as reported by Matsushita et al? This pinning effect 
is necessary for the oxide superconductor, which is the 
second type superconductor, to improve the critical current 
density (Jc) in the magnetic field. 

Next, we used the AM obtained by measuring magnetiza- 
tion of the specimens treated at 970°C. and show in Fig.8 
dependance on the magnetic field of the Jc calculated by the 

Fig. 6. Magnetization versus magnetic field cluves measured at 
77K for the YbBa2Cu30, sample annealed at 950'C, 970'C and 
990'C. 

Fig. 7. SEM micrograph of the small Yb2BaCuOr (<lpm) 
segregation in the YbBa2Cu30. mamx. 

Bean ~ o d e l . ~ '  We also show those on the specimens 
prepared by the solid phase method for comparison's sake. 
As is clear from the figure, the Jc of the specimens prepared 
by the PMQ method was greater by about 5 times, and 
attenuation of Jc by the magnetic field was smaller, than that 
on the specimens prepared by the solid phase reaction 
method. This attenuation of Jc is brought about by the 
weak-link, or the weak superconductive connection between 
the crystal grains, and the figure shows that this weak-link 
was improved in the specimens prepared by the PMQ 
method. : 

There is another important factor of the flux-creeping 
phenomenon,7' beside the weak-link, for the characteristics 
of Jc in the magnetic field, when we consider the application 
at 77K. Because of the fluxcreeping phenomenon, a quan- 
tumized magnetic flux pinned down inside a superconductor 
jumps over to other location, released from the pin by the 
thermal activity of the inclination of the magnetic field. In 
such a case, the magnetization of the superconductor 
decreases as the time goes on, so that permanent current is 
attenuated. 

In order to solve this problem, we show in Fig.9 how the 
magnetization decreases along with the shift in the line of 
magnetic flux as the time goes by, measured at 77K. The 
outside magnetic field is 550 Oe, and the magnetization was 
standardized by the value at the f is t  measuring point. The 
magnetization attenuates linearly in proportion to the 
logarithm of the time (In t), and agrees well with the theory 
of flux-creeping. In addition, as the figure clearly shows, 

: YbBa,Cu,Ox 

5 1oz- Bulk Pintared sample 

... 
Jc=(ZO/d)xaM 

10 
0 0.2 0.4 0.6 0.8 

Magnetic field (T) 

Fig. 8. Magnetic field dependence of J, estimated from the 
Bean critical-state model for the PMQ-processed sample and 
bulk sintered sample. 

- 
.- -- PMQ-Wocessed sample , 0.95 .- --*-- - 

2 0.9 .- --- - 
0) 

B U I ~  sintered sarnpi;'~ 

5 0.85 L:::: Oe 

I 
0.8 

10 lo2 lo3 
t (SEC) 

Fig. 9. Magnetic relaxation of the PMQ-processed sample and 
bulk sintered sample at 500 Oe. 
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the degree of attenuation in the magnetic field is less in the 
specimens by the PMQ method than by the solid phase 
method. This points to the greater pinning force of the 
former, and the pinning potential was calculated to be 
1 .5ev9' The value is larger than the metal superconductor, 
and led us to believe that the pinning force of the oxide 
superconductor by the PMQ method is very high. We con- 
ducted further research on the stability of the surface and 
the likes, in order to apply this product to superconductive 
substrates for devices, making full use of these charac- 
teristics. 

33. Application to Superconductive Substrates of Device 
When we consider the application of the oxide supercon- 

ductors to the fields of function devices and so forth, we 
need the layer construction of superconductor / insulator / 
superconductor (SNS) and the likes. Many attempts are 
now being conducted in this direction, but it is not easy to 
fabricate a good layer construction, what with the difficulty 
to obtain stable superconductors with flat surface and what 
with the problem on the boundary brought about by the 
dispersion of elements foreign to superconductors and in- 
sulators (such as ZrO,, MgO, etc.). Therefore, we examined 
the surface stability and others, for the application to the 
superconductive substrates for devices. 

Figure 10 indicates the surface morphology under the 

Fig. 10. Surface morphologies of YbBazCulO, substrate and EDS 
analysis. 
(a) at room temperature, @) at 7WC. Ih in vacuum, 
(c) Energy dispersive X-ray spectra of (b), (d) at SWC, lh in vacuum 

YbnBaCuOs film 

.- on YbBa2Cu30x substrate 

I! 

Fig 11. X-ray diffraction panem of YbBaCuOr film on the 
YbBafilO, substrate. YbBaCuOr film was dep6sited on 
YbBaKu10, substrate at 650'C. 

various conditions in YbBa2Cu30x superconductors, in 
which (a) covers the untreated ones, pointed to good density 
and flatness, and (b) covers the specimen treated at 700°C 
in vacuum for Ihr, showed almost same as in (a) with stable 
surface and retained the superconductive configuration as 
shown in (c) by the element quantum analysis (EDS) on 
EPMA. However, another phase appeared, although very 
small volume, in the heat treatment at 800°C as indicated in 
(d). From these facts, we can say that it is possible to retain 
well the surface stability up to 700°C. 

We formed the mBaCuOS insulating layer on the 
YbBa2Cu30, superconductive substrate, making use of the 
facts that the YbBa2Cu30, superconductor made by the 
PMQ method can retain the surface stability up to 700°C 
and that the YbBa2Cu30x superconductive phase and 
YblBaCuOS insulation phase are in the relation of phase 
inclusive reaction and easily separated, as seen in section 
3.2. 

Figure 11 shows the X-ray diffraction pattern on the 
surface after forming thin films of Yb2BaCuOS in as-grown 
at 650°C on the YbBaZCu30, superconductive substrate by 
the sputtering method, in which we can see only the peaks 
of the YbzBaCuOS insulating layer and the YbBa2Cu30, su- 
perconductive substrate, indicating that no deterioration had 
taken place on the substrate surface. 

We further carried out the AES analysis on the problem 
of boundary between the YbzBaCuOS insulating layer and 
the YbBa2Cu30, superconductive layer. 

Figure 12 shows the results of AES analysis to the direc- 
tion of depth from the surface of the Yb2BaCuOS insulating 
layer to the YbBa2Cu30, superconductive substrate. The (a) 
indicates when the film of amorphous mBaCuOS was 
formed at room temperature where no thermal inter-disper- 
sion of elements takes place, while the (b) is the results 
when the crystallized M2BaCuOS insulating layer was 
fonned at 650°C on the superconductive layer. The widths 
of the areas (at Smin. of Ar sputtering time) which are 
regarded to be the boundary are almost same in either case, 
and we note that the boundary face of the YbBa2Cu30, 
superconductive layer I the Yb2BaCuOS insulating layer are 
very steep. We are currently attempting to fabricate a layer 
construction making this fact.''' 

As stated above, the PMQ method allows to prepare the 
oxide superconductors dense and superior in flatness and in 
the surface, and we can expect the application of the super- 
conductive substrates for the functional devices forming 

Ar Sputter Time (mtn) Ar Sputter Time (min) 

Fig. 12. Auger electron spectroscopy depth profile of a 
Yb2BaCu0r/YbBaKu~0, layered smcnue. 
(a) YLbBaCuOr film was deposited on YbBaKu10, substrate at 
mom temoemture, 
(b) W a C u O r  film was deposited on YbBazCu30, substrate at 
650'C. 
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layered construction. 

4. Conclusion 

We have developed a new Plasma-Arc-Melting and 
Rapid Quenching Method which can form in short time the 
oxide superconductors superior in high density and in 
homogeneity. 

This PMQ method can synthesize homogeneous solid 
solution containing amorphous phases by rapidly quenching 
the melt instantly at high temperature, and can fabricate 
oxide superconductors by the subsequent heat treatment, 
which are highly dense and are superior in homogeneity, 
with good reproducibility. 

The method enabled us to fabricate under the same con- 
ditions the LnBa2Cu,0, superconductors replacing with all 
of lanthanoid system, and especially the superconductors of 
YbBa2Cu30, have Tce = 91K and were highly dense with 
relative density = 7.14g/cmZ (98% of the theoretical den- 
sity), and we were able to incorporate into them the very 
powerful pinning effect with pinning potential of 1.5eV by 
improving the magnetizing characteristics by heat treatment. 

From these facts, the PMQ method would be effective in 
the determination of phase diagrams and in the researches 
of precipitation process of separate phases and of the pin- 
ning center caused by precipitation, through the search for 
new materials and the examination of the crystallizing 
process from the amorphous state. 

In addition, we examined the stability of the surface with 
applications to the superconductive substrates for functional 
devices into consideration, and confirmed that good bound- 
ary face was formed after forming the Yb2BaCu0, insulat- 
ing layer, and applications to superconductive substrates for 
functional devices to fabricate the layered construction. 
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Synthesis of Sic from Fine Si02-C Mixed Powders 

Norihiro Murakawa and Mutsuo Nakajima 
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1190, Kasamacho, Sakae-ku, Yokohama-shi, 247 Japan 

Mixed powder containing silica and carbon were chemi- 
cally synthesized by spraying a mixture of silicon 
tetrachloride and heavy oil into air-propane flame. The 
particle size of the mixed powders was less than 1 micron 
and each particle contained both silica and carbon. Fine 
SIC powders were obtained by heating compressed 
tablets of the mixed powders. The powders sintered to 
high density by pressureless sintering method. S ic  whis- 
kers were also obtained by heating the mixed powders 
without compression. The whiskers had high crystal- 
linity. 
[Received March 20, 1991; Accepted May, 23, 19911 

Key-word: Sio2-C mixed powder, Sic powder, S i c  whisk- 
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1. Introduction 

Silicon carbide powder to be sintered must be very fme 
(submicron order). Moreover, it is preferably of narrow size 
distribution, free of secondary agglomeration and of high 
purity. 

Three methods have been commercialized for production 
of silicon carbide powders; (1) ingots of a-Sic powders, 
prepared by the Acheson method, are crushed into very fine 
particles," (2) mixed powder of silica and carbon is heated 
at 2000'C or less to produce coarse particles of &Sic 
through the reaction sib2 + 3C + S ~ C  +2CO, whidh are 
further ~rushed,~' and (3) silicon is allowed to react with 
carbon directly at 1400"C, to produce coarse particles of 
P-Sic which are further crushed." However, silicon carbide 
powders prepared by these methods, being crushed into fine 
particles in the manufacturing process, tend to have broad 
size distributions. Another common disadvantage of these 
methods is inability to produce high-purity powders. For 
these reasons, attempts have been made to synthesize sub- 
micron powders by the vapor-phase reaction process,46' 
which involve no crushing step. 

synthesis conditions and characteristics of silicon carbide 
prepared are discussed. 

2. Experimental Procedure 

2.1. Preparation of M i e d  Powder 
Figure 1 illustrates the reactor lined with refractory 

material (inner diameter: 300mm, length: 3m), in which a 
flame was generated by air and propane gas admitted into 
the reactor through separate ducts. A mixture of SiCb and 
heavy oil was sprayed into the flame via the feed nozzle, to 
produce aerosol fume, which was passed from the reactor 
through the duct to a bag filter, where it was separated into 
the vapor and solid phases, to produce Mixed Powder. 

2.2. Characteristics of Mixed Powder 
Characteristics of Mixed Powder were assessed by the 

following properties; (a) Silicalcarbon molar ratio: molar 
fraction of carbon divided by molar fraction of silica, deter- 
mined by the weight loss A d  residual silica, the former 
resulting from combustion of carbonaceous material, when 
Mixed Powder was heated in air at 650°C. 

(b) Specific surface area, determined by BET method 
with nitrogen; three types of powders, M i e d  Powder, silica 
remaining in Mixed Powder heated at 650'C in air, and 
carbon remaining in Mixed Powder treated with 55% 
hydrofluoric acid and then washed with water, to dissolve 
and remove silica. 

23. Synthesis of Silicon CArbide 
Mixed Powder (100 weight parts) and binder of tarry 

material (25 weight parts) as the forming aid were mixed 
by a Henschel mixer, and the mixture was formed under a 
load of 1 ton/mm2 by a monoaxial press into tablets of 
40mm in diameter, 20mm in height and 0.90g/cm3 in den- 
sity. Each tablet, placed in a 1.e graphite crucible, was 
heated in a high-frequency oven at a given temperature for 
30min in a nitrogen gas atmosphere. The product thus syn- 
thesized was treated with hydrofluoric acid, washed with 

The authors have conducted experiments in anticipation 
that heating silica and carbon particles are reacted with each 
other at an elevated temperature to directly produce very Flame Feed nozzle 

fine particles of silicon carbide, if the starting particles are Feed p~pe 

sufficiently fme, and that the mixed powder of fine silica 
and carbon particles (hereinafter referred to as Mixed Pow- 

H~~~~ a,! Aemsol - Bag Mter 

der) can be prepared chemically by spraying a silicon com- 
pound dispersed in heavy oil into a flame. As a result, it 
has been found that Mixed Powder can be prepared in which 

Gas burner 
each particle consists of silica and carbon and that its par- 

ticle whiskers size distribution can be made, is very when 
the conditions The silicon under carbide which ' I:g= propane t Air d ~ ~ t  

Mixed Powder is thermally treated are carefully se~ected.~' Fig. 1. Model of the reactor to obtain SiOrC mixed powden. 
Characteristics of these Mixed Powders, silicon carbide 
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'Ihble 1. Pmpe~ties of SiOrC mixed powders and SIC powders. 

1) BET of SiO. obtained by burning chaically mixed p d e r  

2) BET of carbon obtained by excluding SiOZ f m  chemically mixed pouder 

3) BET of SiOl as raw mterial of mechanically mixed pader 

4) BET of carbon as raw mterial of mechanically mixed parder 

water and then dried, after having been heated at 650°C in 
air to remove excess carbon, to prepare the sample. No 
post-crushing was conducted. 

The binder-free samples were also prepared, in which 
log of the as-prepared Mixed Powder of 0.08g/cm3 in den- 
sity, placed in a 11 graphite crucible, was heated at 1500' or 
1700°C for lh, and treated in the same manner as before. 

2.4. Silicon Carbide Powder from Mechanically Mixed 
Starting Materials 

The fine powder of silica (trade name: Aerosil, specific 
surface area: 300m2/g) was mixed mechanically with the 
fine powder of carbon (trade name: Ketjen Black, specific 
surface area: 510m2/g) by a Henschel mixer in a ratio of 
416 to result in C/SiOZ = 7.5, to which the binder was added 
in the same ratio as before, and the mixture was formed into 
tablets. They were heated at a given temperature for 3Omin, 
to remove excess carbon and silica, in order to prepare the 
silicon carbide powder. 

25. Characteristics of Silicon Carbide Powder 
Characteristics of the silicon carbide powder were as- 

sessed by the following properties: 
a) Specific surface area of the silicon carbide powder, 

determined by BET method with nitrogen 
b) Compact density; Ig of the silicon carbide powder was 

formed into a tablet of lOmm in diameter by a 
monoaxial press under a load of 300kg/cm2, which 
was rubber-pressed under a static pressure of 
2tons/cmz, to prepare the compact. 

c) Sinter density; the silicon carbide powder (100 weight 
parts) was mixed with boron powder (0.3 weight parts, 
Stack's amorphous, metallic boron powder) and carb- 
on (2 weight parts, carbon black of 120rn2/g in specific 
surface area) as the s i n t e ~ g  aids, and l g  of the mixed 
powder was formed in the same manner as before, and 
fired at 2100°C for 15min in an argon atmosphere kept 
at 1 atm, to prepare the sinter. 

2.6. Morphology Observation 
The morphologies of Mixed Powder and silicon carbide 

were observed by a transmission and scanning electron 
microscope. The whiskers were also analyzed by an 
electron diffractometer. 

3. Results 

3.1. Mied  Morphologies of Mixed Powder 
Table 1 gives the characteristics of Mixed Powder, show- 

ing that silica and carbon in Mixed Powder are mixed with 
each other in a unique morphology, i.e., specific surface area 
of Mixed Powder is 45.2mZlg, as compared with 490m21g of 
silica remaining in carbon-free Mixed Powder and 459m21g 
of carbon remaining in silica-free Mixed Powder. Mixed 
Powder consists of 40.0 wt% of silica and 60.0wt% of carb- 
on from the starting ratio of C/Si02=7.5, and its specific 
surface area should be 471m'/~, if specific surface area were 
an additive property (490~0.4 + 459~0.6 =471 (m21g)). The 
actually measured value, however, was less than 10% of the 
calculated one. Surface area of the mechanically mixed 
powder of silica and carbon, on the other hand, was 
425m21g, sufficiently close to the calculated value of 
426m21g (300~0.4 + 510~0.6). These results mean that 
silica and carbon in each particle of Mixed Powder contact 
with each other at the internal surface. Such a mixed con- 
dition can be predicted by observation with the aid of an 
electron microscope. Figures 2(a), (b) and (c) show TEM 
images of the Mixed Powder particles, silica particles 
remaining in Mixed Powder whose carbon component was 
burned and removed, and carbon particles remaining in 
Mixed Powder chemically treated to remove the silica com- 
ponent, respectively. It was observed that Mixed Powder 
consisted of the primary particles of 0.02 to O.lpm ag- 
glomerated into secondary particles. The silica particles, 
though comparable in size with the particles of Mixed Pow- 
der when agglomerated, seemed to consist of smaller 
primary particles, judging from uncleanness of their con- 
tours. The agglomerated carbon particles, also comparable 
in size with the agglomerated particeps of Mixed Powder, 
were more spotted than the latter, some were shell-like. 
Thus, the single-phase silica or carbon particle differed in 
morphology from the particle of Mixed Powder, because 
the dissimilar particles were mixed with each other in the 
latter particle. 

There results indicate that each particle of Mixed Pow- 
der, which itself is very f i e  of submicron size, is a 
nanocomposite consisting of finer silica and carbon par- 
ticles. The product yield of Mixed Powder was 98% for 
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Fig. 2. TEM images: (a) mixed powders, (b) silica powders, (c) carbon powders 

Fig. 3. SEM images of Sic  obtained from SiO2-C mixed powder. Bulk 

1500'C (b) 0.90gIcm3. 1700°C (c) 0.08g/cm3, 1700°C. 

remaining silica relative to SiCL charged, as calculated from 
the silicon balance, and 52% for remaining carbon relative 
to carbon present in the heavy oil. 

3.2. Effects of Synthesis Conditions on Silicon Carbide 
Morphologies 

The selected conditions whose effects on silicon carbide 
morphologies were investigated were bulk density of Mixed 
Powder from which the silicon carbide powder was syn- 
thesized, and firing temperature. 

Figure 3(a) presents the SEM image of silicon carbide 
powder, prepared in a similar manner as were the others by 
firing Mixed Powder of 0.08g/cm3 in bulk density at 1500°C 
for lh. As shown, the powder consisted mostly of whiskers. 
Fig.3(b) gives the SEM image of silicon carbide, where 
Mixed Powder was formed into a tablet which was fired at 
1700'C for 30min and then treated to remove excess carbon 
and silica. The particles were of granular silicon carbide, 
having no anisotropy. Fig.3(c) presents the SEM image of 
silicon carbide powder, prepared in a similar manner as were 
the others by firing Mixed Powder of 0.08~/cm' in bulk 
density at 17WC for lh. The powder consisted of whiskers 
and coarse particles. 

Thus, the silicon carbide product was whisker or 
granular, depending on the synthesis conditions under which 
the same Mixed Powder was treated. 

Figure 4(a) presents the TEM image of the silicon car- 
bide whisker, and Fig.4(b) is its selected area electron dif- 
fraction pattern. It is identified to be of single-phase P-Sic 
by the analysis of the diffraction pattern. 

density of mixed powder and firing temperature: (a) 0.08~1cm~. 

3.3. Comparison of Silicon Carbide Grains 
Figure 5 shows the effects of firing temperature on sur- 

face area of two types of silicon carbide, one from the 
Mixed Powder tablets prepared chemically by the method 
developed by the authors, and the other from the mechani- 
cally mixed silicalcarbon tablets, both fired at 1600" to 
2000°C. As shown, the chemically synthesized Mixed Pow- 
der gave a higher specific surface than the mechanically 
mixed one at the same firing temperature. 

Figure 6(a) is the TEM image of silicon carbide having 
a specific surface of 12.7m21g, prepared by firing Mixed 
Powder at 1800"C, and Fig.6(b) is the TEM image of the 
silicon carbide powder having a similar specific surface of 
1 1.4m21g, prepared by firing the mechanically mixed pow- 
der at 1700°C. The grains shown in Fig.6(a) seem to have 
a size in a range from to 0.1 to 0.4pm, whereas those shown 
in Fig.6(b) have a wider size distribution, some are smaller 
than O.lpm and the others larger at up to around lpm, and 
it seems that the grains smaller than O.lpm are agglomerated 
to form secondary grains. 

Table 1 shows that the former powder gave silicon car- 
bide compact and sinter of higher density than the latter; 
1.82 and 3.11g/cm3 (96.9% of the theoretical level) versus 
1.58 and 2.76g/cm3 (86.0% of the theoretical level). 

4. Discussion 

4.1. Fine Mixing Conditions of Mixed Powder 
Mixed Powder of silica and carbon, used in this study as 
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Fig. 4. (a) TEM image of SIC whisker (b) Selected area 
electron diffraction pattern of the whisker. 

the intermediate, was chemically synthesized from SiCI, as 
the silica source and heavy oil as the carbon source. 

It is known that SiCL, when put in a high-temperature, 
stearncontaining gas, is converted into fine particles of 
silica through the reaction Sic& + 2H20 + Si02 + 4HC1, 
and that heavy oil, when put in an oxygen-containing flame, 
is thermally decomposed into fine particles of carbon. The 
SiOz forming mechanisms involve, first of all, evaporation 
of SiCI,, and reaction of vapor-phase SiCb with steam to 
form the nuclei of SiO, through the above reaction, on 
which SiO, is deposited, as the reaction proceeds, to grow 
the SiO, particles. Similarly, the gaseous hydrocarbon com- 
pounds are thermally decomposed, in the case of heavy oil, 
to form the carbon nuclei on which carbon is deposited to 
grow the carbon particles.'0' Aerosil consisting of fine silica 
particles of O.lpm in diameter and carbon black of fine 
carbon particles are being produced commercially by the 
above mechanisms. The authors expected that a mixture of 
SiCI, and heavy oil, when put in a flame, forms the Sic& 
and hydrocarbon vapors, which are well mixed to form fine 
particles, each consisting of silica and carbon in which carb- 
on is formed on the silica nuclei and silica is formed on the 
carbon nuclei. The mixture morphologies are as expected, 
as discussed in Section 3.2. 

4.2. Formation of Silicon Carbide Whiskers and Grains 
Vapor-solid heterogeneous reactions thought to be 

responsible for the formation of silicon carbide, where 
gaseous SiO is formed through the reaction SiO, + C + Sic  
+ CO, and SiO is then reacted with carbon to form Sic  
through the reactions SiO + 2C + Sic  + Co and SiO + 3C0 
+ Sic  + ~ C O ~ . " '  

It has been demonstrated in this study that the silicon 
carbide whiskers are formed when Mixed Power of low 

0 chemically rnlxed i 

Temperature (T) 

Fig. 5. Relations between fuing temperature and specific sur- 
face area of Sic  powders obtained from chemically mixed Si02. 

C powder and mechanically mixed one. Bulk density of mixed 
powders: 0.90glcm3. 

Fig. 6. TEM images of SIC powders frnm SiOrC mixed pow- 
der (a) from chemically mixed powder (firing 18W°C) (b) fran 

mechanically mixed powder ( f h g  17W°C) 

density is dried at a relatively low temperature, and the 
grains result from firing of Mixed Powder of high density. 
Lower bulk density, or higher porosity, favors whiskers, 
conceivably because of smaller quantity of obstacles to their 
growth. Moreover, Mixed Powder produces higher partial 
pressures of SiO and CO formed by the reaction SiO, + C 
+ SiO + CO, because of larger contact area between silica 
and carbon, to accelerate the reaction SiO + 3C0 + S i c  + 
2c02 which is deeply related to growth of the whiskers. In 
addition, firing temperature of around 1500°C gives a 
growth rate adequate to form Sic  of high crystallinity. 

Conversely, firing Mixed Powder of high density 
produces more obstacles to growth of the whiskers, as a 
result of which the S ic  product tends to be less anisotropic, 
or granular. 

43. Comparison of Silicon Carbide Particles 
The silicon carbide particles from Mixed Powder has a 

narrower size distribution than those from mechanically 
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mixed silica/carbon powder, because of silica and carbon 
distributions being less uniform in the lane powder, which 
produces higher SiO and CO partial pressures locally in the 
compact, to cause particle size distribution to be broader. 

Moreover, Mixed Powder gives higher compact and 
sinter density, because of smaller quantities of secondary 
and coarse particles. 

5. Conclusions 

A mixture of silicon monomer and heavy oil was sprayed 
into a flame to produce a mixed powder of silica and carbon, 
which was fired to synthesize silicon carbide. 
1) The mixed powder, consisting of fine, submicron-size 

particles, is finely mixed, each particle being a mixture 
of silica and carbon. 

2) The mixed powder, when compressed to a high bulk 
density and fired, is converted into the fine powder of 
silicon carbide, without being crushed. The silicon car- 
bide powder can be highly densified by pressureless 
sintering. 

3) The mixed powder, when fired at a low bulk density, is 
converted into silicon carbide whiskers. 
(Part of the above results were presented to the 6th In- 

ternational Meeting on Modem Ceramics Technologies, 

Milan, Italy, June, 1986) 
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Preparation of SiC14 from Rice Hull Ashes (Part 3) 
- FT-IR-PAS Analysis of Chlorination Mechanism of Rice Hull Ashes 

Containing Alkaline and Alakline Earth Metal Salts - 
Takeshi Okutani, Yoshinori Nakata and Masao Hino 

Government Industrial Development Laboratory, Hokkaido 
2-17, Tsuldsamu-Higashi, Toyohira-ku, Sapporo-shi, 062 Japan 

The chlorination of a mixture of rice hull ashes and carb- 
on containing alkaline and alkaline earth salts was in- 
vestigated by FT-IR-PAS. I t  was thought that the 
relative ratio of totally symmetric Si04 stretching vibra- 
tion (u,) to antisymmetric Si04 degenerate stretching 
vibration (u3) in infrared frequencies for Si02 whose con- 
st i tuent  oxygen a toms occupy the  corners  of a 
tetrahedron shows structural changes of Si02 network. 
The results of ullu3 of Si02 before and after chlorination 
showed that the values of ul/u3 increased and the 
chlorination was accelerated because K' increased. The 
u,lu3 of Si02 by addition of Na,' Mg2+ and Ca2+ was 
smaller than that of K+ and these additives did not ac- 
celerate the chlorination. KCI, NaCI, MgCI2 and CaC12 
which formed during the chlorination melted at 900°C. 
[Received January 25, 1991; Accepted May 25, 19911 

Key-words: Rice hull ash, Chlorination, Sic&, FI-IR-PAS, 
Structural changes of Si02 network, Alkaline and alkaline 
earth salt additives. 

1. Introduction 

Silicon tetrachloride (SiCI,) is used as raw materials for 
manufacturing S ic  and Si3N4 powders by the vapor phase 
reaction or the method of the thermal decomposition of 
silicon di-hide (Si(NH)2). The previous report1' clarified 
that potassium had accelerating effects for chlorination of 
a mixture of active Si02 contained in rice hull ashes and 
carbon (C) to produce Sic&. The mechanism of the 
chlorination accelerating effect of potassium was presumed 
that a K' with a radius of 1.52Apermeated into Si02 lattice, 
distorting the lattice of SO2, thus easing the diffusion of 
chlorination species (carbon chloride in vapor phase) in the 
lattice. On the other hand, in cases of Na, Mg, and Ca metal 
salts, Na,' M ~ ~ '  and ca2' did not distort the Si02 lattice 
sufficiently to ease the diffusion of chlorination species be- 
cause the ion radii of these metal are smaller than that of 
K.' Further it was presumed that these salts became 
chlorides under chlorination conditions, which turned into a 
molten state at temperature above 800'C, covering the con- 
tact points of Si02 and C and hindering contact with Cl,, 
thus inhibitory effects on chlorination being observed. 

When a substance is irradiated with infrared rays, an 
absorption band attributable to the proper vibration of the 
lattice is detected. For this vibration, there are two types: 
one is symmetric vibration with the total of vector of zero 
and the other is antisymmetric vibration with the total of 
vector of non-zero due to the molecular structure of the 

substance. Si02 is thought to be of a structure of SiO, 
tetrahedron having three-dimensional network. The sym- 
metric vibration is inactive for irradiation of infrared ray and 
no infrared absorption peak is observed if Si04 is assumed 
to be free ions or gas molecules. In solid states such as 
crystals, a peak is observed or the degenerate vibration is 
split due to the influence of crystal field or due to the inter- 
action with ions and crystal water?' In fact, in the IR meas- 
urement of the solid SO2, infrared inactive vibration u,  and 
u2 are observed if ~ i 0 ~ ~ -  is assumed to be ions." 

The conventional method of measuring infrared spectra 
is not suitable for the measurements of strongly scattering 
substances such as powders and amorphous solids and of 
optically opaque substances. The mixture of rice hull ashes 
and C dealt with in this report is a powder and black, so 
the conventional IR spectrum measurement is unapplicable. 
However, if an infrared ray is irradiated to such a specimen, 
a part of the light energy generates heat energy in the 
specimen. The following thermal diffusion makes a part of 
energy transferred to the surrounding gas, producing com- 
pression waves. By detecting the compression waves with 
a highly sensitive microphone or a piezoelectric elemental 
device the information on the chemical bond of the 
specimen that could not be measured with a conventional 
infrared spectrometer can be obtained. This method is the 
photo-acoustic spectroscopy  PAS).^' Recently, attention 
has been paid to FI-IR-PAS" which can decrease the meas- 
urement time with a high accuracy by combining PAS with 
the Fourie-transform infrared spectroscopy (FT-IR). 

In this report, the mechanism of accelerating and hinder- 
ing effects of alkaline and alkaline earth metal salts on the 
chlorination of Si02 in rice hull ashes was investigated by 
FT-IR-PAS of rice hull ashes before and after chlorination. 

2. Experimental Procedures 

The rice hull ashes, carbon, silicic anhydride, silica sand 
and alkaline and alkaline earth metal salt additives such as 
KC1 and KHSO, used are the same as those used in the 
previous report." Also the method of preparation of 
samples for chlorination is the same. 

The chlorination experiments were also conducted in the 
same way as those of the previous report." The chlorination 
was conducted at 900'C for lhr, and the conversion of Si02 
to SiCI, in rice hull ashes were measured. The reaction 
residues were used as the specimens for measurement of 
FT-IR-PAS spectra. To make comparison, the FT-IR-PAS 
spectra of specimens before chlorination were also 
measured. In the FT-IR-PAS measurement, the specimens 
were used as they were. As an FT-IR-PAS apparatus, a 
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Fourie infrared spectrophotometer (DIGILAB, FTS-ISBD) 
equipped with a PAS (microphone type) was used. ul  - u4 
of each specimen were measured, and the peak height of 
spectra were obtained as a height from the base-line to the 
top of peak. 

3. Results and Discussions 

Figure 1 shows the FT-IR-PAS spectra of Ash-1, Ash-2, 
commercial Si02 and silica sand. In the figure, ul  is totally 
symmetric stretching vibration, u2 is the totally symmetric 
deformation vibration and u3 and u4 are degenerate stretch- 
ing vibration. u l  and u2 of normal modes of vibration of 
tetrahedron X04 molecules/ions are infrared inactive (the 
total of vectors is 0) and Y and u4 are infrared active (the 
total of vectors has a certain plus or minus va~ue).~' How- 
ever, because Si02 has a three-dimension network structure 
of Si04 tetrahedrons, the spectra of infrared inactive ul  and 
u2 are also observed due to the effects of crystalline field 
such as the interaction between Si04 tetrahedrons. The X- 
ray diffraction showed that Ash-l and Ash-2 were a- 
cristrobalite, commercial SiO, was amorphous and the silica 
sand was a-quartz. For a-quartz, u,  has two separate peaks 
and u4 is not observed. For amorphous SiO,, u l  has one 
peak and u4 is not observed. From these results, it was 
clarified that the detected peaks were different depending 
on crystals, thus the polymorphism of Si02 could be iden- 
tified by PAS as by IR.~' It is thought that the change in the 
ratio (ul/u3) of peak heightof the infrared inactive u, to that 
of the infrared active q shows some structural change of 
Si02. The ratios of the PAS peak heights of u l  and u3 of 
the specimens before chlorination were measured. The 
results are shown in Fig.]. 

Table 1 shows ul/u3 of the specimens after chlorination 
at 900°C for 1h1. The specimens were the reaction residues 
of chlorination of Ash-1 and the mixtures of Ash-1+C, Ash- 
2+C, commercial SiOfiC and silica sand+C added activated 
carbon with C/Si02 mole ratio of 2.5 and those with 
alkaline and alkalin earth metal salts added. The ullu3 values 
of the specimens before chlorination of the mixtures of 
Ash-1, Ash-2, commercial Si02 and silica sand and active 
carbon or active carbon+KHS04 were the same as those of 

Fig. 1. FI-IR-PAS spectra of rice hull ashes, commercial SiO2 
and silica sand. 

Table 1. Uh3 of redclion rcsidues ol'chlorination and conver- 
sion of SiOz to Sic11 of rice hull ashes, commercial SiOl and sit- 
ica sand. 

Bxp. No. Sample Y I / Y  3 Conversion ( w t X )  

1 Ash-l 0.10 60.4 

2 Ash-ltlC1 0.13 71. 7 

3 Ash-ltKAS04 0.13 10. 4 

4 Ash-lth'aCI 0.59 56. 1 

5 Ash-ltWgC11 0.53 51. 3 

6 Ash-ltCaCl2 0.41 45. 6 

7 Ash-ltC 0.69 81. 0 

6 Ash-ltCtKAS04 0.12 81. 9 

9 Ash-2tC 0.59 47.9 

10 A s h - 2 t C t K ~ C O ~  0.16 19. 5 

11 Ash-ZtCtYCI 0.11 19. 9 

12 Ash-ZtCtKASO, 0. 16 82. 1 

13 Ash-2tCtKOA 0.81 16.9 

I4 Ash-2tCtKN03 0.19 80. 4 

I5 Conmercial Si02tC 0. 88 1. 4 

16 Collercial Si02tCtKAS01 0. 51 53. 6 

11 Silica sandtC 0.64 8.1 

16 Silica sandtCtKASO4 0.60 26. 2 

Ash-1, Ash-2, commercial Si02 and silica sand shown in 
Fig.1. 

The ul/u3 of the specimens after chlorination of Ash- 
2+C, commercial Si02+C and silica sand+C are the same as 
or below the values before chlorination. In case that potas- 
sium salt is added, the ullu3 values of the specimens after 
chlorination are larger than those before chlorination. It 
seems to be because K' got into Si02, resulting in a struc- 
tural change that made the diffusion of chlorination species 
easier, thus accelerating the chlorination. 

The Ash-1 contains 21.3wt% C formed by the pylorysis 
of cellulose in the rice hull. As stated in the previous 
report:' the mixture of Si02 and C obtained from rice hull 
exhibited a high chlorination reactivity. From the result of 
the mass balance of the C under chlorination, it seemed that 
the C reacted with Cl, to form a vapor phase carbon 
chloride, which contributed to the chlorination. The SiO, 
and C in the Ash-1 comes from the same rice hull and have 
a good mutual dispersiveness, resulting in having many 
points of contact of Si02 and C. When the Ash-1 was 
treated at 9 W C  in air for lhr, the C contained was burnt 
out and the C content decreased from 21.3 to 2wt%. When 
the mixture of the ash (C content: 2wt%) and activated 
carbon is chlorinated at 900°C for Ihr, the conversion of 
SiO, to SiCI, is 48%, about the same with that of Ash-2+C. 
From these results it is clear that the Si02 in rice hull and 
the C formed by the thermal decomposition of cellulose in 
rice hull have a high chlorination reactivity. 

The ullu3 values of Ash-1 added with NaC1, MgCI, and 
CaCI, after chlorination addition are larger than 0.44, the 
value before chlorination, and smaller than that with pot- 
tasium salt. Therefore, the degree of structural change of 
Si02 seems to be smaller than that of the potassium salt. 
The conversion is lower than the case without additives. 
The chlorides of Na, Mg and Ca are in a molten state at 
9WC,  covering points of contact between Si02 and C to 
restrain the formation of carbon chloride and the contact 
between carbon chloride and SO2. Therefore , it can be 
presumed that the conversion have decreased. 



Okutani, T. et al. Journal of the Ceramic Socieo of Japan, Int. Edition Vol. 99-695 

4. C O ~ C ~ I I S ~ O ~  References: 
1) T. Okutani, Y. Nakada, K. Ishikawa and K. Takeda, Seramikkusu 

Rombunshi, 99,315-319 (1991). 
2) K. Nakamoto, J. Fujita and Y. Morimoto. Kagaku-no-Ryoiki, Extra 

When the SiOz in rice hull ashes, the combustion residues Issue No.54, infrared Spectra, 14-shu, Nankodo (1%3), 78. 

of rice hulls, was chlorinated to prepare S i c 4  alkaline and 3) J.A. Gadsdm. In- Spectra of Minerals and Related Inorganic 

alkaline earth metal salts showed accelerating and hindering Compounds, Butterworth (1975) 33. 

effects of chlorination. The mechanism of these effects was 4, S. Sawda and Goshi, Hyomen, 19, 663 (1981). 

investigated by FT-IR-PAS and the following results were 5) S. 0chi"ai. Nihon-Denshi-News, 23. 26-29 (1983). 

obtained. 6) Chem. Sac. of Japan (ed.), Lectures on Experimental Chemistry, 

The relative ratio of totally symmetric stretching vibra- Sequel 6, Method for Study on Stmcnue of Inorganics, Maruzen 

tion (v,) to degenerating vibration (v3) of SiOz in the FT- (1965) 434. 

IR-PAS spectra of specimens &fore and after 7) T. Okumi and Y. Nakata, Preparation of SIC14 from Rice Hulls in 

showed that, K' changed the structure of SiOz and ac- High Tech Ceramics. ed. by P. Vincenzini. Elsevier Publishing, 

celerated the chlorination. The structural change by addi- Amsterdam (1987) 511-516. 

tion of Na, Mg and Ca salts were smaller than that with K 
salt. It was thought that NaC1, MgC12 and CaC1, formed 
from these salts during the were melted at This article is a full tTanslation of the article which appeared in Nippon 

~ W C ,  covering the points of contact between s ioz  and C, Seramikkusu Kyokai Gakujutsu Ronbunshi (Japanese version). Vo1.99, 

and surppressed rather than accelerated the chlorination 1991. 

reaction. 



Vol. 99-696 Journal of the Ceramic Society of Japan, Int. Edition Ohta, K .  et aL 

Properties of Porcelain Bodies Containing Zirconia 

Kouhei Ohta, Tosio Torikai, Takanori Watari and Ohsaku Matsuda 
Saga University . Faculty of Science and Engineering, Department of Applied Chemistry 

1, Honjo, Saga-shi, 840 Japan 

High grade amakusa pottery clays mixed with 10,20 and 
30wt% zirconia were fired at  1250°, 1300" and 1350°C. 
Zircon, quartz, mullite, monoclinic- and tetragonal- zir- 
conia were identified in the porcelain bodies with 20 and 
30wt% zirconia fired a t  1350'C. The content of the 
tetragonal phase in the fired bodies increased with in- 
creasing zirconia and with increasing firing temperature. 
The bending strength and fracture toughness of por- 
celain bodies containing zirconia increased with increas- 
ing firing temperature and with increasing amount of 
tetragonal zirconia, and those with 30wt% zirconia fired 

rise lOO'C/hr. Zirconia contents in the pottery clays were 
0, 10, 20 and 30wt%. Regarding the obtained pottery 
bodies, bulk density was measured by the Archimedes 
method, the determination of Zirconia crystal phase3' was 
conducted by X-ray diffraction, the structural observation 
with a scanning electron microscope, bending strength was 
measured by three-point bending tests and the fracture 
toughness (Klc) using the single edge precracked beam 
method.4) 

at  1350°C were 15 times higher than those without zir- 3. Results and Discussion conia. 
[Received February 18, 1991; Accepted May 23, 19911 

It is known that the ~ r i n c i ~ d  minerals in amakusa Dotterv 
A & . . 

Key-~ords: Zirconia A ~ * ~ ~ ~  Pottery clay, strength, clays consist of quartz, sericite, kaolinite and feldsper, while 

Toughness the porcelain bodies obtained by firing consist of quartz, 
mullite and a glass phase.s' Figure 1 shows the X-ray dif- 
fraction patterns of porcelain bodies with different zirconia 
contents fried at 1350'C. Although the crystal phases in 

1. Introduction specimens of pottery clays were quartz and mullite, as for 
those in specimens with zirconia contents of 20 and 30wt%, 

Recently, attempts are being made to expand the range 
of porcelain used for manufacturing tableware and con- 
tainers for school feeding, lighting apparatus, washstands 
and musical instruments. However, because the conven- 
tional porcelain is easy to break, needs for a stronger and 
tougher porcelain are increasing, and alumina-reinforced 
porcelain has already been manufactured." As for with 
alumina or mullite ceramics, zirconia toughened ceramics 
with a higher strength and a higher toughness using stress- 
induced phase transformation and crack branching by zir- 
conia has been manufa~tured.~' However, no report has 
been made on the effects of zirconia addition on porcelain. 

In this paper, the increase in strength and toughness due 
to the addition of zirconia particles to porcelain was inves- 
tigated. 

2. Experimental Procedures 

Using high grade amakusa pottery clays ground for 24hr 
(average grain size: 9.8pm) and unstbilized zirconia 
(manufactured by Tosoh, average grain size: 1.08pm) as raw 
materials, each was dispersed in a pH2 acetic water solution 
for homogeneous mixing and mixed with a stirrer under 
application of ultrasonic waves using aqueous ammonia 
being added to keep the mixture at pH4. The sluny was 
press-formed at 100kg/cm2 to 5 . h  in dia. and 4.5mm in 
thickness. The obtained formed bodies were naturally dried 
for 5 days and using a furnace in reduction atmosphere fired 
at 1250', 1300' and 1350'C for O.5hr at a rate of temperature 

zircon as well as quartz, mullite, monoclinic (m) and 
tetragonal (t) zirconia were observed. On the other hand, 
no zircon was formed in the pottery bodies fired at tempera- 
tures below 1300'C. C.E. Curtis, et al. has reported that the 
firing temperature more than at 13192 at the lowest is 
required to synthesize zircon from zirconia and ~ilica.~." 
The results of this study well coincides with the above, and 
the formation of zircon is thought to be attributable to the 
reactions of the added zirconia with cristobalite formed from 

ZrOtl(Porcelain body) 
30wl% 

2 0 ~ 1 %  

Fig. 1. X-ray diffraction pnems of porcelain bodies tired at 
1350'C. M, mullite, Q; quartz, Zt; t-zirconia, Zm, m-zirwnia, 
ZS; zircon 
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kaolinite or quartz in the pottery bodies. Quantative deter- 
minations of zircon were conducted on specimens with 20 
and 30wt% zirconia by X-ray diffraction, showing that 
amounts of formed zircon were 1 and 12wt% respectively. 

Figure 2 shows the relation between bulk density and 
contents of zirconia of the porcelain bodies Fred at 1250, 
1300 and 1350°C. The bulk density increased with increas- 
ing contents of zirconia and with increasing firing tempera- 
ture. It is because the density of zirconia is larger than that 
of the pottery clays and because the densification of the 
porcelain bodies progressed with increasing temperature as 
clearly shown by the relative density in Fig.3. Figure 4 
shows the relation between volume fraction of tetragonal 
zirconia in the porcelain bodies and contents of zirconia. 
The volume fraction of tehagonal zirconia increased with 
increasing contents of zirconia and this tendency became 

more remarkable with increasing firing temperature. 
Figure 5 shows the relation between bending strength 

and volume fraction of tetragonal zirconia in the porcelain 
bodies. The bending strength increased with increasing 
F i g  temperature and increasing volume fraction of 
tehagonal zirconia. Figure 6 shows the relation between 
bending strength value divided by bulk density (specific 
strength) and contents of zirconia. The specific strength 
increased with increasing firing temperature. Except the 
specimens with 30wt% zirconia fired at 1350"C, specimens 
fired at respective temperature shows no increase in specific 
strength with increasing contents of zirconia. In other 
words, the strength of specimens at respective firing 
temperature increases with increasing contents of zirconia, 
but the specific strength shows little change. The increase 
in specific strength of specimens with 30wt% zirconia fired 

OO 10 20 30 
Zr02/(Porcelain body) (~1%) 

2? 30 01, ZrOz/(Porcela~n body) (wt%) 

Fig. 2 Fig. 3 Fig. 4 

Fig. 2. Relation between bulk density of the porcelain bodies and contents of zirconia. 
Fig. 3. Relation between relative density of the porcelain bodies and contents of zirconia. 
Fig. 4. Relation between volume of tetragonal zirconia in the porcelain bodies and contents of zirconia. 

00- 
1-ZrO,l(Porcelatn body) (~01%) 

700- 1350°C 

20 - 

U 

a 
"l 

Fig. 7 

5 

Fig. 5. Relation between bending strength and volume fraction of temgonal zimnia in porcelain bodies. 
Fig. 6. Relation between specific strength and contents of zirconia. 
Fig. 7. Relation between fracture toughness ( K I ~  and volume fraction of tetragonal zirconia in porcelain bodies. 

3oo I I I 

1-Zr02/(Porcelain body) (volU '0 0 10 20 30 
Zr02/(Porcelain body) LwlU 

Fig. 5 Fig. 6 

- 400 - 1250'C 
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at 1350°C was largely due to the increase in bending 
strength with increasing tetragonal zirconia. Figure 7 
shows the relation between fracture toughness (Klc) and 
volume fraction of tetragonal zirconia in the porcelain 
bodies fired at 1300" and 1350°C. However, the K,, of the 
porcelain bodies fired at 1250°C was not measured because 
of low density. It is thought that the increase in bending 
strength and fracture toughness is due to the densification 
of the porcelain bodies with increasing firing temperature 
as well as to the relaxation of fracture stress resulting from 
stress-induced-phase-transformation of tetragonal zirconia. 
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Sic Ceramics 
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The mechanical properties of high thermal conductive 
S i c  ceramics were studied. The flexural strength was 
430MPa at  room temperature and raised to 720MPa at  
1400°C, but it decreased to 630MPa at  1500°C. The frac- 
ture toughness was 3.8M . Pamln at  room temoerature - 
and increased with increasing temperature, while 
Young's modulus was 460GPa at  room temperature and 
decreased above 1300°C. 
[Received March 7, 1991; Accepted April 19, 19911 

Key-words: Sic, BeO, Flexural strength, Fracture tough- 
ness, Young's modulus, Mechanical property 

1. Introduction 

Sic  ceramics with addition of Be0 have excellent 
properties such as high thermal conductivity electrical in- 
sulation and a coefficient of thermal expansion close to that 
of ~ i . "  Sic ceramics are used for the ~"bstrates in semicon- 
ductor elements having heat sink functions. On the other 
hand, Sic had been noted as a high-temperature structural 
ceramic material, and its mechanical properties have been 
extensively studied. Sic ceramics with high thermal con- 
ductivity has a relatively large bending strength of about 460 
MPa; particularly because of its high thermal conductivity, 
it can possibly be used advantageously in environments sub- 
jected to thermal shock.'." For applications other then as 
structural materials, it is also necessary to recognize the 
mechanical properties of this material. 

We investigated the bending strength, fracture toughness 
and Young's modulus as basic mecherical properties of high 
thermalconductive S i c  in the temperature range from room 
temperature to 15WC. 

2. Experimental Procedure 

2.1. Samples 
S ic  ceramics were prepared by hot pressing with 2wt% 

Be0 addition at 2100'C. 30MPa for lh.I2' The products 
were machined into the dimensions of 3~4x40mm. Their 
surfaces were finished to a roughness below 0.8ym and their 
comers were chamfered to about 0.lmm. 

2.2. Measurement of Bending Strength 
Bending strength was measured by a 4-point bending 

method with a lower span of 30mm, upper span of lOmm 
and crosshead speed of O.Smm/min. This measurement was 
carried out in air at room temperature and in a vacuum 
(below O.1MPa) at high temperature. Jigs for measurement 

were prepared from the hot-pressed S ic  ceramics by 
machining from the hot pressed Si ceramics. To measure 
bending strength at high temperatures, the samples were 
placed in an electric furnace equipped with a graphite heater 
and held at the required temperature for about 15min. 
Temperatures were measured with W-\KR, thermocouples 
paced near the samples. At each temperature, 25 samples 
were measured. 

23. Measurement of Fracture Toughness 
To measure fracture toughness, the SENB method was 

used. The measuring procedure was the same as for bend- 
ing strength. At each temperature, 10 samples were used. 

2.4. Measurement of Young's Modulus 
Young's modulus was measured under a deflection 

method over a range from room temperature to high 
temperature. The samples were prepared of lx4x40mm and 
the cross head speed was O.OSmm/min. The conditions 
were the same as for the measurement of bending strength. 
5 samples were tested at each temperature. 

3. Results 

3.1. Bending Strength 
Figure 1 shows the temperature dependence of bending 

strength. S ic  ceramics have a bending strength of 430MPa 
(mean) at room temperature. As temperature rises, the 
bending strength increases, peaking to 740MPa (mean) at 
1400'C. At 1500'C. it is lower at 630MPa (mean). Such 
variations in strength due to temperature are the same as 
observed with other S ic   ceramic^.^' 

Figure 2 shows the Weibull plots and Weibull modulus 
of bending strengths measured at several temperatures. The 
Weibull modulus range from 9.5 to 13.5. The fracture sur- 
faces showed that in a temperature ranged from room 
temperature to 12WC, grain boundary and transgranular 
fractures coexist. In a temperature range from 1400'C to 
1500'C. intergranular fractures were predominant. Main 
fracture sources were pores, large grains, agglomerate grains 

Temperature t 

Fig. 1. Flexural strength as a function of temperature. 
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and flaws by machining. With low strengths, fracture 
origins at room temperature were obsetved relatively easily; 
with high strength, it was difficult to identify fracture 
origins. At high temperatures in particular, p s ,  large 
grains and agglomerate grains were identified as fracture 
origins but flaws by machining could not be identified as 
frakture origins. 

3.2. Fracture Toughness 
Figure 3 shows the relation between fracture toughness 

and temperature. The values of fracture toughness are 
3 . 8 ~ ~ a . m ' "  (mean) at room temperature and increase with 
temperature, peaking at 5 . 1 ~ ~ a . m ' ~  (mean) at 1400°C. At 
1500'C, they are 4.9h4F%mln (mean) with scatter at a higher 
level. 

33. Young's Modulus 
Figure 4 shows the temperature dependance of Young's 

modulus. The Young's modulus remains a nearly constant 
460GPa at temperatures up to 1200°C. As temperature rises 
above 1300"C, it decreases to 420GPa at 1400'C and rapidly 
to 350GPa at 1500°C. 

4. Discussions 

We investigated the temperature dependence of bending 
strength, fracture toughness and Young's modulus of of high 
thermal-conductive S ic  ceramics with addition of BeO. As 
temperature rises up to about 1400'C, the bending strength 
and fracture toughness of SIC ceramics increase. At 
15WC, they are a little lower. The Young's modulus 
decreases at temperature above 1300°C and rapidly 

21 1 
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Flexural strength MPa 
Fig. 2. Weibull plots of flexural strength at various temperatures. 
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Fig. 4. Young's modulus as a function of temperature. 

decreases at around 15WC. Such decreases in mechanical 
properties of S ic  ceramics at high temperatures are ob- 
served when there is second phase on grain boundaries 
which softens at high temperature. When SIC ceramics with 
addition of Be0 are observed under a transmission electron 
microscope, Be0 as additive exists as a single crystalline 
phase at triple points on grain boundaries, but no second 
phase which softens at high temperature is observed on 
grain boundarie~?.~' In the present study, we also observed 
grain boundaries under a high-resolution electron micro- 
scope, reaching no conclusion whether a secondary phase 
existed or not. However, the behavior of mechanical 
properties at high temperatures as described above suggests 
that there might be a very thin layer which soften at 
temperature above 1500°C. 

5. Conclusions 

We investigated the mechanical properties of high ther- 
malconductive S ic  ceramics with an addition of 2wt% 
Be0 obtained by hot-pressing and reached the following 
findings: 

1) As temperature rises, the bending strength increases 
from 430MPa at room temperature to 720MPa at 14WC, 
then decreases to 630MPa at 1500°C. 

2) As temperature rises, fracture toughness increases 
from 3.8MPamln at room temperature to 5.1MPamin at 
1400'C but decreases to 4.9MPamin at 1500°C. 
3) Young's modulus is 460GPa but at temperatures above 

1300'C, it is lower. 
4) At temperatures above 1500°C. mechanical properties 

are degraded. This suggests that a very thin secondary 
phase might exist on grain boundaries. 
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Lattice parameters of La-doped barium titanate were 
measured to elucidate the mechanism of insulation in- 
duced by excess La203 addition from the viewpoint of 
the second-phase precipitation and the change in the sub- 
stitutional site for La. Neither second-phase precipita- 
tion o r  anomalous change in lattice parameter was 
observed even above the  cri t ical  concentrat ion 
(0.4mol%) a t  which BaTiO, is converted to a n  insulator. 
The phase transition from tetragonal to cubic system 
occurs at  5mol% La203 doping, but this is higher than 
the critical concentration. The concentration at which 
the second-phase precipitation occurs was higher than 
15mol%: The lattice parameter changed according to 
the Vegard's law, and the substitution of La for B-site 
was not clearly indicated. It was suggested that the in- 
sulation i n h c e d  bv excess La,O? addition was not caused 

Ba,, La, TiO,. This powder was wet mixed with ethanol 
in a ball mill for 12h. The mixed powder was dried with 
an infrared lamp and calcined at 1150°C for 2h. It was then 
molded into round pallets and bumed at 1350°C for lh. The 
products were annealed at the specified temperature for l h  
and plunged into water for rapid cooling. They were then 
dried, crushed and submitted to powder X-ray diffraction 
analysis. Burning and annealing were carried out on a zir- 
conia plate dusted with powder. for the lattice parameters, 
peaks on the high-angle side were measured using silicon 
powder as an internal standard substance. For the lattice 
parameter computation from the data obtained, the X-ray 
structure analysis library (UNICS) at the University of 
Tokyo was used. 

- - 
by the change in bulk crystal properties. 
[Received March 18, 1991; Accepted May 23, 19911 

3. Results and Discussion 

Barium titanate, Lanthanum oxide, Semicon- Figure shows changes in the lattice parameter as of 
ducting, Solid solution, Lattice parameter the composition formula Ba,., La, TiO, was increased at 

room temperature. Pure barium titanate is tetragonal at 

1. Introduction 

It is known that barium titanate tumed semiconducting 
by adding a trace of an additive shows PTC effect at around 
the Curie point. There is an optimal content of the element 
used to tum the material semiconductive. If the content is 
above this optimal level, the material is turned insulating 
again.'.2' About the mechanism of this returning to the in- 
sulating state due to the additive above the optimal level, 
there are various theories including precipitation of excess 
ions on crystal grain boundaries and the substitution of La 

room temperature. 
The a- and c-axes of pure barium titanate at room 

temperature were 3.9935.A and 4.0359.A respectively. As La 
increases, the a-axis grows, while the c-axis shrinks. There 
was no precipitated phase at the upper limit of the additive 
content (0.4mol%) for semiconduction, which was not 
doping limit. Either of this concentration was no sudden 
change in the lattice parameter observed. For the solid dis- 
solution of La in barium titanate, it is known that La is 
substitutionally solid dissolved at the A-site (barium site). 
The ion radii of Ba and La are 1.35.A and 1.16k respective- 
ly. The crystal lattice shrinks by the substitution of the La 
ion for the Ba ion site. Figure 2 shows lattice parameter 

for the B-~ite.~"' 
Choosing La203, the most common agent for tuming 

barium titanate semiconducting, we determined the limit of 
La203 doping in barium titanate and investigated how the 
lattice parameter of barium titanate changed when La203 
content increased. - 4.02 K 

2. Experimental Procedure 

For starting materials, BaC03 (99.9% made by Soekawa 3.99 1 I 
0 .0  1 .a 2.0 

Riagaku), La203 (99.9%. Shietsu Kagaku) and TiOz L ~ W )  

(99.8% Fuji Titanium) were used. Adequate amounts of Fig. I. Lattice parameters of LaBal,TiOY VS. La contents (%) 
these materials were weighed out to prepare a composition: mar fie insulation starting concennation 
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Fig. 2. Lattice parameten of La,Ba,,TiO, vs. La contents (46) 
near the tetragonal-cubic transition. 

28 30 32 34 
Cu Ka 28 (deg) 

Fig. 3. X-ray difraction pattern of La,Bat,TiO, near (110) peak. 

3 
Quench fmm 1150'C 

Guench lmm l350'C ! " I  7 
Fi. 4. Laaice parameten change at the limit of solid solution. 
Plot at 0% of La contents means the cubic mot of lattice volume. 

changes as the dissolved amount increases. Evidently, when 
La content is 5.0%, the material turns cubic with 
a=c=4.0016A. The Curie temperature of pure barium 
titanate is 120°C. It is assumed that this was lowered by La 
substitution down to room temperature when the La content 
was 5.0%. On the assumption that Curie temperature drops 
linearly with La substitution, a 20"C/% Curie temperature 
drop results from La substitution. The cubic root of the 
volume of unit lanice ( 'm) is shown by a solid line in 
Fig.2. The cubic root of the volume of unit lattice for pure 
barium titanate was 4.0076A. Vegard's law using a lattice 
parameter of 3.92A5.@ for LaTi03 (cubic) is shown by a 
straight line in the figure.5") Evidently, Vegard's law holds 

in the area of solid dissolution. 
As the La content was increased from x=O, a second 

phase came to appear in addition to perovskitic cubic solid 
solution. Figure 3 shows peaks of the second phase appear- 
ing near the (110) face of the solid solution. This proves 
that pemvskitic cubic solid solutions have limits to La solid 
dissolution. To investigate such limits, we obtained lanice 
parameters of samples cooled slowly and samples annealed 
to 1300'C or 1150'C and then cooled rapidly. The results 
are shown in Fig.4. For the La content of 0%. with which 
the material was tetragonal, the cubic root of the volume of 
unit lattice ('a) was plotted. The doping limits were 
20% at 1350°C and 15% at 1150°C and that of the samples 
cooled slowly was the same 15% at 1150°C. This suggests 
that in the samples cooled slowly, the state at 1150°C is 
frozen. Thre was probably no La substitution for B-site 
because the lanice parameters changed in accordance with 
Vegard's law. As La content increases, barium titanate 
rapidly turns insulating. Probably, this changed is not 
caused by the precipitation of excess ions on crystal grain 
boundaries due to doping limits or La substitution for B-site 
but caused without changes in radiographically bulk crys- 
tals. 

4. Conclusion 

Carrying out a test of doping barium titanate with La, we 
acquired the following fmdings: 
1) No precipitated phase appeared at the upper limit of 

additive content (0.411101%) for semiconducting and thus 
the limit was not a doping limit. There were no rapid 
changes either in the lanice parameters. 

2) Transition from tetragonal to cubic took place at 5mol% 
which was higher than the upper limit (0.411101%) of ad- 
ditive content for turning the material semiconducting. 

3) The precipitation of the second phase began to occur with 
a 15% additive content with samples cooled slowly and 
those cooled rapidly from 1150°C and with a 20% addi- 
tive content with samples cooled rapidly from 1350°C. 

4) Lattice parameters changed in accordance with Vergard's 
law and it seemed that there was no La substitution for 
B-site. 
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Emission Spectra and Morphology of Carbon Films by 
ECR Plasma CVD 

Kazunori Maruyama, Kiichim Kamata, Tohru Inoue and Isao Tanabe 
Nagaoka University of ~ e c ~ o l o g y ,  Department of Chemistry 

1603-1. Kami-Tomioka-cho, Negaoka-shi, 94-21 Japan 

This paper is concerned with the relationships between atoms and molecules generated in plasma. In our present 
the morphology of carbon films and the intensity of emis- study, we confirmed the presence of the relationship be- 
sion spectra in ECR plasma CVD of the system CH4-H2. tween the intensity of plasma emission spectra and the sur- 
A sample holder was connected in series to DC bias and face morphology of formed films by SEM observation. 
it was negative to the apparatus. The application of 
negative bias caused an abrupt increase in emission in- 
tensity at about -100V bias. At the same time, smooth 2. ~ ~ ~ ~ ~ i ~ ~ ~ t ~ l  procedure 
and flat carbon films were formed. The abrupt increase 
in emission soectra intensitv was caused bv the coooera- 
tive effects between DC and ECR The firma- 
tion of flat and smooth surface was attributed to the 
abrupt increase in plasma density which gives high speed 
ions, molecules and electrons. They might prevent the 
formation of secondary particles through aggregation of 
primary particles andlor enhance the peening effect on 
the substrate. 
[Received March 19, 1991; Accepted April 19, 19911 

Key-words: ECR plasma CVD, Amorphous carbon films, 
Emission spectra intensity, Surface morphology. 

1. Introduction 

ECR plasma CVD process is featured by a high ioniza- 
tion efficiency of reaction gas, which contributes not only 
to the formation of amorphous silicon films1' and amorphous 
carbon filmsz' with increased hardness and in good quality 
even at low substrate temperature, but also to the increase 
of hardness of the formed films and, at the same time, to 
the obtainment of dense, smooth surfaced and flat films 
when DC bias voltage is applied to the substrate inde- 
pendent of the RF power source..'"' 

As the study for clarification of the thin film formation 
mechanism, plasma emission spectlum analysis is popularly 
u~ed~.~" '  in order to identify the kind and the quantity of 

Fig. 1. Experimental app3IaNS for the emission spectra measure- 
ments: A; ECR plasma CVD appmNS. B: Spectrometer, C; 
Detector, D; Conmlter, E; Console, F; Quarts glass window, G; 
Glass fiber. 

Figure 1 shows the experimental apparatus, including 
an ECR lama CVD apparatus, which we used for emission 
spectrum measurement. For the spectral analysis of emiss- 
ing species in plasma, we used an optical spectrometric 
multichannel analyzer (OSMA), which consisted of a SMA 
detector (model IRY-700 N/RB, made by Princeton Instru- 
ments Inc.), a SMA spectrometer (model HR-320, made by 
the same). and a controller (model ST-110. made bv the 
same). The conditions for plasma were s e  to 
the conditions for synthesis of carbon films in our previous 
study," namely, substrate temperature of 200'C, microwave 
(MW) power of 100 to 500W, methane gas flow rate of 
20cm3 . mid1, hydrogen gas flow rate of 3 0 m 3  . mid', and 
total gas pressure of 3 x 1 0 ~  Ton: DC bias voltage was ap- 
plied to substrate in negative. 

3. Results and Discussion 

Figure 2 shows the emission spectra patterns of plasma 
in ECR plasma CVD, the conditions of which consisted of 
microwave power of 300W and respective bias voltages 
(VB) of 0 and -150V. Emission peaks attributed to H radical, 
CH radical and HZ molecule are observed in these spectra, 
in the same manner as in the emission spectra which come 
out in the formation process of amorphous carbon films by 
the RF plasma CVD process?' 

Figure 3 shows the relationship between the emission 
peak height attributed to H, radical and CH radical in Fig.2 
and the bias voltage. The emission intensity of the system 
C&-H2 becomes slightly weak in the VB range of 0 and 
-90V. In the V, range beyond -100V. all of the emission 
intensities abruptly increase. On the other hand, all of the 
emission intensities of ECR plasma of Hz slightly increase 
with the increase of V,, as seen in Fig.3. Therefore, the 
abrupt increase of emission peak intensities attributed to H, 
molecule and CH radical implies the rapidly accelerated 
dissociation of C& into CH radical, H radical and H, 
molecule. In the case of the synthesis of hard carbon films 
by plasma CVD process, various types of discharge are used 
for generation of plasma, such as direct current (DC) dis- 
charge,7' high frequency (RF) discharge:' and microwave 
(MW) discharge.9' High voltage in the order of several 
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kilovolt is normally required to be applied when DC dis- 
charge is only used, but in the case of our present experi- 
ments, in which ECR effect and DC effect are 
simultaneously applied, we assume that the application of a 
small DC bias voltage effected to abruptly accelerate the 
discharge due to a synergistic effect of ECR and DC. 

When carbon films were formed by ECR plasma CVD 
process with various bias voltages applied, their deposition 
rate and their film hardness simply increased with the in- 
crease of bias voltage in the same manner as given in our 
previous report," but did not abruptly change in correspon- 
dence to the abrupt change of emission intensities attributed 
to CH radical and others as shown in Fig.3. While, SEM 
photographs in Fig.4 indicated that the morphology of the 
formed carbon films showed a rough surface containing 

hemispherical coarse grains when VB was lower than -100V, 
and a fine-grain, smooth and flat surface when V, was 
higher than -150V. Different from the bias voltage depend- 
ence of deposition rate and film hardness, this change of 
morphology of carbon films corresponds to the abrupt 
change of plasma emission intensity which was caused by 
the change of bias voltage applied. 

In our previous reports on the thin film formation by 
vapor deposition processes,iai3' we confirmed that fine 
primary particles in size of around lOnm were formed in the 
vapor phase, and, in the subsequent stage, they cohered each 
other to form large secondary particles in size of over 
several hundred nm. In the case of our present experiments, 
we similarly assume that the fine primary particles formed 
in the plasma flow cohered each and grew up to large par- 
ticles on the way to the substrate. When plasma density is 
increased, the primary particles are assumed to be impacted 
more violently by radicals, ions and high speed electrons in 
plasma, thereby, they are disturbed from the growth to the 
large secondary particles. As the result, the deposition rate 
does not show an abrupt increase. We further assume that 
the peening effectt4' of various plasma-generated species on 
the substrate becomes remarkable, thereby, deposition films 
were formed with smooth surfaces. 

Figure 5 shows the relationship between the microwave 

- - 
a2 
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lavelenoth ( M I  

Fig. 2. Observed emlssion spectra of plasma in ECR plasma 
CVD: Bias voltages were -150V(a) and O(b)V. Flow rates of Fig. 4. SEM photographs of carbon films on glass substrates at 
CW and H> were 2km3.mid1 and 30cm3.min". respectively. 2WC. MW power was 300 Wand bias voltages were -100 (a) 
MW power was 300W. and -150 (b)V. 
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Fig. 3. Relationships among bias voltage, deposition rate (@) Fig. 5. Relationships between MW power and peak height of H 
and peak height of emission spectra: Ha (0) and CH(A) for (0) and CH (@) in plasma emission s ~ t r a .  Wow rates of CXh 
flow rates of 20cm1min.' (CtL) and 30cm3.min'l (Hz); Ha(O) and HI were 20cm1.min" and 30cm3.min", respectively. Addi- 
for flow rate of 30cm3.min-' (HI). MW power was 300 W. tional bias voltage was not applied. 
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Fig. 6. SEM photographs of carbon films on glass substrates at 
20O'C. MW powers were IGQW (a) and 500W (b). Bias voltage 
was -100V. 

power and the emission peak height attributed to H, radical 
and CH radical in the plasma emission spectra. The addi- 
tional bias voltage was not applied in this experiment, and 
respective emission peak intensities attributed to Ha, Hg, CH 
and H, are seen to have abruptly increased with the increase 
of microwave power. If an abrupt increase of emission 
spectrum intensity should be observed, we can predict that 
the carbon films obtained should have a smooth surface 
structure. As the matter of fact, we confirmed that carbon 
films had surface with hemispherical roughness when 
microwave power applied was lower than 300W, while, they 
had dense, smooth and flat surfaces when microwave power 
applied was 500W, as seen in the SEM photographs in Fig.6. 

4. Conclusion 

In the synthesis of amorphous carbon films by ECR plas- 
ma CVD process, we confirmed that plasma emission inten- 
sity abruptly increased when either DC bias voltage or 
microwave power was changed, and the surface morphology 
of the formed carbon films became fine and smooth when 
either of the above mentioned factors became beyond a 

iety of Japan, Int. Edition Vol. 99-705 

certain threshold value. 

Acknowledgements 
This s ~ d y  was partly supported by the 1990 research fund on materials 
engineering of the Japan Plate Glass Co., Ltd. 

References: 
1) K. Kobayashi, M. Hayama, S. Kawamoto and H. Mild, Jpn. J. Appl. 

Phys. 26,202-208 (1987). 
2) P. Koidl, Ch. W~ld, B. Dischler, J. Wagner and M. Ramsteiner, Mater. 

Sci. Forum 52 and 53,41-70 (1989). 
3) K. Kamata, T. Inoue. K. Mmyama and I. Tanabe, Jpn. J. Appl. Phys. 

29, L1203-LlZQ5 (1990). 
4) I. Nagai, A. Ishitani and H. Kumda, J. App. Phys., 67, 2890-2893 

(1990). 
5) K. Kobayashi, N. Matsukuraand Y. Macbi, ibid., 59,910-912 (1986). 
6) Y. Saito, K. Sato, H. Tanaka, K. Fujita and S. Matuda, 1. Mater. Sci. 

23,842-846 (1988). 
7) K. Kurihara. K. Sasaki. M. Kawamda and N. Koshino, Appl. Phys. 

Len. 52,437-438 (1987). 
8) S. Matsumoto, Y. Sato, M. Tsutsumi and N. Setaka, J. Mater. Sci. 

17, 3106-3112 (1982). 
9) M. Kamo, Y. Sato, S. Matsumoto and N. Setaka, J. Cvst. Growth 

62,642-644 (1983). 
10) K. Kamata, Y. Hosono and T. Yamashita, Yogyo-Kyokaishi. 94,910- 

2 (1986). 
11) K. Kawata, K. Mmyama, S. Amano and H. Fukazawa, J. Mater. 

Sci., 17,316-319 (1990). 
12) K. Kamata, S. Amano. H. Fukazawa, K. Mmyama and I. Tanabe. 

Seramikkusu Ronbunshi, 97, 1535-1536 (1989). 
13) Tle authors, under preparation to apply to Seramikkusu Ronbunshi. 

14) No.131 Committee on thin films of Nippon Gakujuuu Shinkokai 
(ed.), Handbook on Thii Films, Ohm-sha, (1983). p.338. 

This article is a full uanslation of the article which appeared in Nippon 
Seramikkusu K y o k ~  Gakujutsu Ronbunshi (Japanese version), Vo1.99, 

No.8, 1991. 



Vo1. 99-706 Journal of the Ceramic Society of Japan, Int. Edition Katsuki, H .  et al. 

Preparation and Some Properties of Porous Mullite 
Ceramics Using Needle-like Crystals 

Hiroaki Katsuki, Akihiko Kawahara, Hiromichi Ichinose, Sachiko Furuta 
and Ohsaku Matsuda* 

Ceramics industrial Research Institute of Saga Prefectural Government 
31W5, Chubu, Arita-machi, Nishimatsuura-gun, Saga, 844 Japan 

*Depamnent of Applied Chemishy, Faculty of Science and Engineering, Saga University 
1 ,  Honjyo-machi, Saga-shi, 840 Japan 

Porous mullite ceramics with porosity of 26-57% were 
prepared with needle-like mullite crystals of 3-5pm 
length and 0.5-1.0pm diameter synthesized by firing 
New Zealand kaolin at  1650°C. Pore characteristic 
(porosity, pore diameter), three points bending strength 
and the thermal conductivity were examined on the 
porous mullite ceramics sintered at 1550"-1700°C in air. 
With increasing the sintering temperature, the pore 
volume decreased, leading to the increase in the bending 
strength. However, the pore size distribution was almost 
independent of the sintering temperature. The average 
pore diameters for the porous mullite ceramics sintered 
a t  1550"-1700°C were in the range of 0.4&-OJ8pm. 
Thermal conductivity at  room temperature decreased 
linearly with increasing porosity. 
[Received April 4, 1991; Accepted May 23, 19911 
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1. Introduction 

Pomus ceramics have great features in their pore struc- 
tures in textures (pore volume, pore diameter, specific sur- 
face area etc.), and are widely used as insulators, filters, 
absorbers, catalyst carriers, and fixed enzyme carriers and 

At present, porous materials with various pore charac- 
teristics are being produced by using ceramic particles with 
different sizes or burnable organic materials. Moreover, 
some other pomus materials have been developed which 
adopt fiber ceramics such as alumina, silica and m~ll i te .~.~ '  

The authors previously reportedlo' that porous ceramics 
having needle-like mullite densely entangled with each 
other is obtained by extruding New Zealand kaolin to 
prepare a sheet which is sintered over 1550°C and then 
dipped in hydrofluoric acid to remove a glassy phase 
coexisting in the sintered body. It was also found that this 
needle-like mullite is stable in air up to 1650"c."' However, 
prolonged leaching by hydrofluoric acid greatly lowers the 
strength of porous bodies because the acid attacks needle- 
like mullite as well. On the other hand, if leaching is insuf- 
ficient, a glassy phase containing alkali components melts 
at high temperatures so that problems arise such as the 
deformation of the porous body and affected pore charac- 
teristics. 

Consequently, this study was intended to prepare mullite 

porous bodies stable at elevated temperatures, and only 
needle-like mullite powder obtained by the sufficient leach- 
ing of a glassy phase in New Zealand kaolin was used to 
prepare sintered porous bodies. They were subjected to 
tests for various properties such as pore characteristics, 
strength, coefficient of thermal expansion, and thermal con- 
ductivity. 

2. Experimental Procedure 

2.1. Synthesis of Needle-Like Mullite 
The used raw material was New Zealand kaolin, the same 

as that in the previous report,I0' and a sheet was sintered at 
1650°C. After sintering, sintered bodies were ground into 
particles 2 to 3mm in size to facilitate the leaching of a glass 
phase. The hydrofluoric acid 9.2wt% in concentration was 
added to this powder in the plastic container, which was 
rotated at room temperature for the whole day to promote 
the leaching treatment. As glass phase leaching progressed, 
needle-like mullite crystals began to disperse and cloud the 
solution. Then the solution was filtered to recover needle- 
like mullite which were rinsed fully with pure water. The 
morphology of the obtained needle-like mullite was ex- 
amined with a transmission electron microscope (type: 
100U, JEOL), and chemical composition with a fluorescent 
X-ray analyzer (type: 3070, Rigaku Denki). 

2.2. Preparation of Needle-Like Mullite 
Needle-like mullite (15g) was charged in a metal mold 

60mm in diameter and compacted by a uniaxial press 
(18MPa). No additives were mixed such as organic binders 
and sintering agents like oxides. These compacted bodies 
were sintered at 1500°, 1550", 1600", 1650", and 1700°C for 
2hrs to obtain needle-like mullite porous bodies. The heat- 
ing rate was 1OOeC/hr. 

23. Evaluation of Properties of Porous Bodies 
The bulk density of sintered porous bodies was measured 

by a water substitution method (20°C). Pore size distribu- 
tion and pore volume were determined with a mercury 
porosimeter (type: 93 10; Shimadzu Seisakusho). Addition- 
ally, the sintered bodies were cut into columns 5x5x30mm 
in size, polished with emery paper (N.1000), and subjected 
to a 3-point bending test under the conditions of 25mm for 
a span and O.5mmlmin for a crosshead speed. The measured 
strength was represented by the average of 5 specimens. 
The coefficient of thermal expansion from room tempera- 
ture to 1400°C was examined with a high-temperature-type 
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thermo-mechanical analysis system (Rigaku Denki) and at 1700"C, sintering proceeds as in Fig.2@) but particles 
thermal conductivity was measured in air by a laser flash maintain needle shapes. Figure 3 gives the pore size dis- 
method (type: A-8510B; Rigaku Denki). The diameter of tribution of samples sintered at 1550 and 1700°C. Both pore 
a sample was IOmm, and its thickness was 1.3-1.5mm to size distributions are sharp showing that the effect of sinter- 
reduce the influence of thermal leak from the sample after ing is low. The main reason is probably that no substantial 
laser application. The specific heat was measured in change occurred in the morphology of particles even after 
vacuum higher than 1.3xlO"~a. sintering at 1700°C. Moreover, the sum of relative density 

3. Results and Discussion 

3.1. Sinterability and Pore Characteristics of 
Needle-Like Mullite Porous Bodies 

Figure 1 shows the morphology of needle-like mullite 
pepared at 1650°C before sintering. Crystals 10-20pm long 
and about lpm thick are grown from adopted New Zealand 
kaolin by calcination at 1650"c10', and yet in this study, 
sintered bodies were ground into particles 2-3mm in size 
so that obtained crystals were smaller with an average length 
of 3-5pm, thickness of 0.5-l.Opm, and aspect ratio of 3-5. 
The chemical composition of needle-like mullite examined 
by fluorescent X-ray analysis was 2.97Al20~2SiO2 and the 
total content of Na20, K20, CaO, and MgO was O.lwt% or 
less. Table 1 gives bulk density and pore characteristics of 
porous bodies of needle-like mullite sintered after compact- 
ing. Sintering did not effected below 1500"C, and the 
samples were too brittle to achieve the measurement of 
physical properties. As shown in Table 1, samples sintered 
at 1550-1650'C had aporosity of 48-57%, while in the case 
of 1700"C, advanced densification reduced the porosity to 
26%. Nevertheless, pore diameter was almost constant 
(0.46-0.58pm) regardless of sintering temperature. Figure 
2 presents the textures of fracture surfaces of samples 
sintered at 1650 and 1700°C. The porosity decreased with 
an increase in sintering temperature, and inside those 
sintered at 1650°C pores submicron in size were observed 
between crystals of needle-like mullite as shown in Fig.2(a); 
the result of this SEM observation almost agreed with pore 
diameter measured with a mercury porosimeter. Whereas, 

Fig.  1. Morphology of needle-like mullite crystals synthesized 
by f h g  New Zealand kaolin at 1650'C. 

Table 1. Density and pore characteristic of porous mullite 

ceramics. 

Sinrering temperature (OC) 
Roperties 

1550 1600 1650 1MO 
Bulk density (gjd) 1.37 1.52 1.65 2.32 

Relative density ( I )  43.6 48.3 52.4 73.5 

Porosity (2 )  57.4 52.5 48.1 26.1 

P o n  nl11l.e ( 4 8 )  0.63 0.35 0.29 0.11 

Arnase pore d h t e r  ( m) 0.58 0.53 0.54 0.46 

Fig.  2. Fracture surface of porous mullite ceramics sintered at 
(a) 1650'C and (b) 17WC. 

Fig.  3. Pore size distribution of porous mullite ceramics sintered 
at (a) 1550'C and (b) 17WC. 
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of a sample calculated from bulk density and porosity 
measured with a mercury porosimeter is almost 100%;. 
hence it can be concluded that most of pores in the sample 
are open pore structure. 

3.2. Thermal and Mechanical Properties of Mullite 
Porous Bodies 

Figure 4 shows changes in the coefficients of thermal 
expansion of porous bodies sintered at 1550-1700°C. The 
coefficient of thermal expansion by linear approximation up 
to 1400°C was 4.8-5.0~10-~/'~, and a difference by sinter- 
ing temperature was small. In the previous report, a thermal 
change in the lattice constants of needle-like mullite was 
determined by high-temperam X-ray diffraction and the 
coefficients of thermal expansion in the a-, b-, and c-axis 
direction were 2, 3.9, and 4 . 5 ~ 1 0 ~ / ' ~ " '  respectively. The 
coefficient of needle-like mullite porous bodies prepared in 
this study are close to that of a single crystal in the c-axis 
direction (the diiection of crystal growth). 

Since mullite is one of the ceramics with relatively low 
thermal conductivity, needle-like mullite porous bodies 
having high porosity could be used as insulators. Figure 5 
plots the thermal conductivity at room temperature of 
porous bodies sintered at 1550-17WC as a function of 
porosity. The specific heat of porous bodies in vacuum was 
0.196-0.201JPC.g, and no difference was encountered by 

0.7 - 
0.6 - 

A 

?? 0.s - 
e 

'a, 0 . l -  

.....-.. - 1550°C 
- 1650°C 
---- 17wc 

A 

?? 0.s - 
e 
'a, 0 . l -  

.....-.. - 1550°C 
- 1650°C 
---- 17wc 

Temperature (Y) 
Fig. 4. lhermal expansion curves of porous mullite ceramics 
sintered at 1550'C. 1650'C and 17WC. 

o 0- 

PorO.dt, ( I )  

Fig. 5. Effect of porosity on the thermal conductivity of porous 
mullite ceramics. 

sintering temperature. On the other hand, thermal conduc- 
tivity decreased linearly with an increase in porosity, and 
reached 0.63W/m.K for a porous body (porosity: 57.4%) 
sintered at 1550°C. The value is about 1/10 that of com- 
mercial dense mullite ceramics, and such a porous texture 
leads to lower thermal conductivity as is the case with other 
porous ceramics.'" 

Generally, the thermal conductivity of porous ceramics 
decreases with an increase in porosity, and the thermal con- 
ductivity (K,) of a sample with porosity P in which closed 
pores are so small as to be negligible is expressed as follows 
according to Maxwell-Eucken's equation14.'5': 

where Kc is thermal conductivity in the case of a porosity 
of 0%, and p a constant depending on a pore diameter and 
morphology. In Fig.5, the line was extrapolated to P=O to 
obtain Kc: 4.8WIm.K. 

Figure 6 presents 3-point bending strength of porous 
bodies. Sintering proceeded very little at 1550°C and the 
strength was less than IOMPa. Densification was notable 
at 17WC providing a strength of about 72MPa. 

4. Conclusion 

In order to study the feasibility of needle-like mullite 
synthesized from New Zealand kaolin as porous ceramics, 
needle-like mullite 3-5pm long and 0.5-1.0pm thick grown 
at 1650°C was compacted and sintered to form porous 
ceramics. The various properties of these porous bodies 
were examined to obtain the following results. 
1) The porosity of porous bodies of densely-entangled 

needle-like mullite decreased with a rise in sintering 
temperature, and yet samples sintered at 1650°C had a 
porosity as high as 48.1%. At 1700°C sintering 
proceeded and the porosity decreased to 26.1%. The 
pore size distribution of mullite porous bodies obtained 
at 1550-1700°C was sharp, and the average pore 
diameter was 0.46-0.58pm. 

2) The average coefficient of thermal expansion of porous 
bodies from room temperature to 1400°C was 
4.8-5.0x104/'C, close to that of needle-like mullite in the 
c-axis direction. The thermal conductivity of porous 

1Ya 1550 l a  1650 17m 

Simrring t-tvre (%) 

Fig. 6. 'Ihree points bending strength of porous mullite ceramics 
sintered at 1550'C-17WC. 
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bodies at room temperature decreased linearly with an 
increase in porosity, and 0.63W/mK in the case of 
samples sintered at 1550°C with a porosity of 57.4%. 
The value was about 1/10 that of commercial dense mul- 
lite sintered bodies. The bending strength of needle-like 
mullite porous bodies increased with sintering tempera- 
ture to reach 72MPa at 1700'C. 

Note: 
A part of this study was published at F i t  International Congress on Silicate 
Ceramics (Abstract P.16) held in Nuremberg, West Germany on September 
26 and 27, 1989, as well as at 29th Seramikkusu Kiso-kagaku Toronkai 
(Lecture No. ID-26) held in Nagaoka, Japan on January 24 and 25, 1991. 
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Black-Color Substrate of Nitride 
Toshiba has developed, for the first time 

in the world, a black-color substrate of 
aluminum nitride high. in thermal conduc- 
tivity and capable of preventing transmission 
of ulmviolet rays which may damage 
software. The substrate contains trace 
amounts of a metallic compound such as 
titanium sintered under carefully controlled 
conditions with respect to nitrogen flow and 
temperature. The metallic compound added 
is dispersed uniformly in the aluminum 
nitride crystallites, to absorb light and prevent 
its transmission, making the substrate black 
in color. The substrate (thermal conductivity: 
180 to 250WIm.K) is more thermally conduc- 
tive than metallic aluminum, and comparable 
with the conventional white-color substrate of 
aluminum nitride in electrical resistance, 
resistance to pressure and mechanical 
strength. Ceramic substrates are being 
produced at a monthly rate of some 200 mil- 
lion yen. Of these, demand for substrates of 
non-oxide compounds such as aluminum 
nitride is growing faster than for others at 30 
to 50% per year, because of their heat-radia- 
tion capacity. The black-color substrate of 
aluminum nitride, therefore, is expected to in- 
crease demand. 

Mass Production of Al Nitride 
Toyo Aluminum has started mass pmduc- 

tion of aluminum nitride which has been at- 
tracting attention as a material for IC 
subsnates and automobile structures. 
Sintered aluminum nitride is mainly charac- 
terized by its high electrical insulating 
capacity and by being comparable with 
metallic aluminum in thermal conductivity. 
It is high in heat-radiation capacity, being 
more than 10 times higher in thermal conduc- 
tivity than alumina ceramics. 

The company's aluminum nitride sinter is 
prepared by f i n g  powdered aluminum of ten 
or more microns in size in a nitrogen gas 
atmosphere. It is expected to find wide use 
in IC substrates, power transistors and laser- 
related devices. Moreover, it has a bending 
strength of 50kghnm2, very close to that of 
silicon carbide or nitride, which allows a p  
plication to automobile structures. The com- 
pany, which started production of sintered 
aluminum nitride at around 1 ton/mo in 1987, 
plans to increase the volume to 2.5 tondmo 
soon and to 5 tonshno 1 year later. At 
present, Tokuyama Soda is leading pmduc- 
tion of aluminum nitride with its 11 tondmo 
plant: Toyo Aluminum plans to expand 
production to increase its market share. 

High-Quality cBN Membranes 
RIMS has succeeded in production of 

highquality membranes of cubic boron 
nitride, using the ion-beam-assisted deposi- 
tion method. The deposition apparatus the 
company has developed consists of a vessel 
kept under vacuum in which argon ion beams 
are directed towards boron as the target to 
deposit boron atoms on the substrate; at the 
same time, nitrogen ions are emitted to aUow 
boron to react with nitrogen over the sub- 
strate. The substrate temperature is set at 
350°C. to form the cBN film on the glass or 
silicon substrate at a rate of Z C Q O A ~ ~ .  The 
apparatus produces large-size films of 10ctnz 
or more. The film is spread uniformly over 
the entire surface of the subsmte, as revealed 
by the electron beam diffraction and infrared 
specaal analyses. 

The new method is more conmollable and 
repeatable than the conventional plasma- 
aided process. It is expected to expand use 
of the thin cBN films for iron-base cutting 
tools difficult to cut and for superhigh-speed 
semiconductor elements. 

Zinc Oxide Whiskers 
Matsushita Amtech has started full-scale 

mass production of zinc oxide whiskers. The 
product is a new material of single needle- 
shape crystals characterized by a three- 
dimensional structure, derived from the zinc 
powder massively emitted by Matsushita 
Sangyo Kiki as waste from its film condenser 
production lines. These whiskers, being of 
zinc oxide, have a high specific gravity of 
5.78 and other favorable properties such as 
vibration-controllability, electrical conduc- 
tivity, wave-absorption capacity and resis- 
tance to heat (up to 1730°C). Furthermore, 
they are low in thermal expansion coefficient, 
being of an inorganic ceramic. 

The whiskers are used as vibration absor- 
bers, after being compounded into resins or 
metals, for chassis frames in VTR hardware, 
in external cases for stereo headphones, 
frames for radio cassettes and vibrators for 
common speakers. The company established 
the mass production techniques in 1988, 
producing the whiskers in a monthly volume 
of 50 tons, and is now expanding the business 
from the original scale of supplying them to 
the Matsushita group. 

Joint R&D for Ceramic Materials 
The Industrial Science and Technology 

Agency's Government Industrial Research 
Institutes of Osaka, Nagoya and Kyushu plan 
to start joint programs for the development of 
fiber-reinforced composite ceramics for high- 

temperature use and techniques to assess 
them in a 3-year plan beginning in 1991. 
Each institute is proficient at different 
materials and processes for fiber-reinforced 
ceramics based on their own techniques. 

Osaka is responsible for the development 
of the whisker-reinforced oxide-base 
ceramics for high-temperature use, Nagoya 
for the ceramics reinforced with fibers of or- 
ganic silicon polymer, and Kyushu for the 
carbon-carbon composite ceramics for high- 
temperature use. The fiber-reinforced 
ceramics prepared will be analyzed for 
properties such as bending strength, hardness 
and modulus of elasticity at room temperature 
and high temperature. Furthermore, they will 
be brought to the New Materials Technical 
Center at the Osaka's institute, where they 
will be injected with ions by an ion ac- 
celerator to improve their mechanical proper- 
ties. This is the first joint R&D program in 
Japan in high-technological and basic areas. 

Aspiring Fine Ceramic Center 
Mr. Masaaki Ohashi, managing director of 

Toyota Motors, has assumed the second 
chairmanship of the Fine Ceramic Center (es- 
tablished in 1985 as the nation-wide technical 
trustee in Nagoya, where the ceramic-related 
industries are concentrated). The municipal 
government enthusiastically invited the estab- 
lishment of the institution in the city. Its 
business scope covers wide areas, including 
R&D efforts, commissioned research, train- 
ing scientists and engineers, and international 
exchanges and enlightenment in its advanced 
facilities. "Independent institution" is its 
motto, and securing stable research funds is 
one of the greatest problems for the center. A 
special system was started in 1990 to invite 
many participants (target: 180 enterprises) as 
a means of securing funds. So far, 60 
enterprises have joined the system. The cen- 
ter wiU provide these participants with 
various services such as testing, researching 
and mining. The center is appealing for 
more support, because its future is totally de- 
pendent on the conscientiousness of ceramic- 
related enterprises. 

Single Crystalline Barium Titanate 
Fujikura Ltd. has developed single crys- 

talline barium titanate with the world's 
highest optical characteristics, having a light 
amplification factor more than 20% higher 
than the conventional level. 11.5mm in 
length and 3.9 x 3.1mm2 in area, the sub- 
stance is produced by a new method in which 
an impurity such as imn or cobalt is doped or 
the single crystals are thermally treated in a 
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reducing atmosphere. Increase in crystal size 
and improved propenies are realized simul- 
taneously. The company has also discovered 
a new phenomenon where light entering the 
large-size crystal generates optical-path pat- 
tems different from the conventional ones. 
Its phase conjugate wave reflection factor is 
approximately 30%, which is 15 times as 
high as that of the conventional one. These 
characteristics will allow it to find use in 
compact, practical systems for analyzing light 
interference. Moreover, the device has a light 
amplification factor with two lights more than 
20% higher than that of the conventional one, 
and is thus capable of amplifying by 6 times 
the power of signal-carrying light. This may 
drastically accelerate the development of o p  
tical computers. 

Photol. The newly discovered light- 
path patterns 

Small-Size Ceramic Heater 
The Tokyo Electric Power Co. has 

developed, jointly with Noritake, small-size 
ceramic heaters using far-infrared ray which 
are capable of withstanding a 11WC surface 
temperature and consume 40% less power 
than the conventional Nichrome heater. The 
newly developed heater, 0.7 to 2.Omm in 
thickness, is made of a monolithic sinter in 
which the heating element of latinum is 
sandwiched by thin alumina-base ceramic 
sheets. It is resistant to 1100'C. with im- 
proved surface temperature distribution. Im- 
proved fabricabiiity of the ceramic material 
allows the heater to assume various shapes 
(such as sheets and rod) and to heat desired 
spots selectively according to the shape of the 
object to he heated, thereby greatly diminish- 
ing heat loss caused by radiation. The price 
is around 15,000 yen for a 50x50mm sheet- 
like heater. The companies have been jointly 
developing the heaters since 1988 with a total 
investment of 100 million yen. They expect 
to attain initial sales of one billion yen by 
targeting the units for the heating and/or 
drying of precision device insides and 
laminated resin films. 

Ceramic Liner 
Japan Encera Co., Ltd. has been producing 

ceramic liners for seven years utilizing the 
wear-resistant characteristics of fine ceramic 
materials. They are going into various areas, 
including those portions exposed to abrasive 

atmospheres in pneumatic transportation sys- 
tems for powder and fine solids, slurry 
transportation systems and conveyor systems. 
The company is providing packaged series 
including ceramic production, installation and 
maintenance. Three liner types of alumina, 
silicon nitride and silicon carbide are avail- 
able at present, to be selected for specific pur- 
poses. Each can be adaptable to a pipe of any 
size and shape above 1 inch. The market, 
originally steel-making plants, is now ex- 
panding to include power generating plants. 
The company is commanding a share of 70 
to 80% of the ceramic liner market for coal 
transpottation and ash-handling systems in 
coal-fired power plants. 

Photo 1. Pulverized coal supply pipe 
for coal burning thermal station 

Stable 4500rpm Flywheel 
Mitsubishi Electric Corp. has developed a 

flywheel of oxide superconductor which 
rotates at 4500rpm; a faster rotation speed is 
expected in a vacuum environment. The 
flywheel has a permanent magnet measuring 
65mm in diameter by 20mm thick and weigh- 
ing l.lkg, sandwiched by Y system supercon- 
ductor 75mm in diameter and 5m thick. As 
mentioned on the facing page, the Supercon- 
ducting Engineering Laboratory has 
manufactured a 37.5kg flywheel, which al- 
though much larger than that of Mitsubishi 
operates on the same principle. 

Safe Coil for SC Generator 
The Superconducting Power Generation 

Related Equipment and Material R&D As- 
sociation has established technology to 
manufacture superconducting coils which 
operate safely 2.t cryogenic temperature and 
high speed. This will allow favorable 
prospects for the manufacture of 70,000kW 
superconducting generators. The coils rotate 
at 3600rpm and clyogenic temperature of 4K; 
each of them measures 7m long and 
withstands current of 3000A. 

Such coils tend to undergo quench 
phenomena when current is input rapidly, but 
this one does not, even when a change rang- 
ing from 0 to 20 tesla is impressed in one 
second, and no quench is generated at rated 
current of 2400A. With current of 2600A 
(2400 + 200), the coil caused quench, but 
when current was reduced to the rated 2400, 
conditions returned to normal (i.e. no 

quench). 

0.1 T Under 6 T Ext. Magnetic Field 
Kobelco, Kobe Steel Co. has succeeded in 

generation of 0.1 tesla magnetic field in the 
environment of 6 tesla external magnetic 
field, while Sumitomo Electric Industry suc- 
ceeded in generating a magnetic field under 
23 tesla magnetic field. The Kobelw record 
is inferior than that of Sumitomo and the 1.15 
tesla of Toshiba and Showa Cable and W~re. 
However, many companies are now succeed- 
ing in generating a magnetic field in high 
magnetism, which indicates they are making 
progress in the application of high Tc super- 
conductor to the energy industry. 

Kobelco's Jc is 15,000~lcm~ under 1 tesla, 
11,000~lcm~ under 6 tesla. The company is 
to cany out experiments under 20 tesla this 
autumn. 

Facility for SC Power Generator 
CRIEPI has completed an experimental 

facility to test conductors used for supercon- 
ducting power generators under conditions 
equivalent to operational ones. With this 
equipment, CRIEPI is testing conductors to 
be used for a70,000kW superconducting gen- 
erator currently under development as a na- 
tional R&D project. The experimental 
facility will be used to test the performance 
of mature  conductors. Conductor perfor- 
mance can not only be tested under ordinary 
conditions, hut also under those of centrifugal 
foxe, magnetism, and so on. 

Nuclear Fusion Test Facility 
A cryogenic temperature experimental 

facility (Nuclear Fusion Science Laboratory 
of the Ministry of Education, Science and 
Culture) has been completed and is ready to 
begin test work. The facility, part of the Heli- 
cal Nuclear Fusion Experimental Facility, 
will be used for the development of SC coil 
conductors. The facility includes a large ex- 
periment room with floor space of 
2650m2x13.2m(high), and small experimen- 
tal, control and clean moms. Testing equip 
ment is capable of loading lOOOt at room 
temperature and 500t at liquid helium 
temperature. The apparatus features IOOOt 
rigidity testing equipment which can measure 
Jc of SC magnets under high intensity mag- 
netic field, and a 75kW DC power source 
used for measurement of Jc of coils. 

Tokamak type experimental facilities are 
now under development in the world, for 
which Japan conshucted the JT-60. Against 
the Tokamak type, Kyoto University 
proposed a helical type nuclear fusion facility. 
Those who are engaged in the helical type 
facility are confident regarding the realization 
of high temperature and density of plasma 
necessary for nuclear fusion. however they 
have not yet clearly established how to main- 
tain such high temperature and density of 
plasma for one second. Yet they expect this 
problem to be solved by 2001. 
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Oblique Crystal Growth 
Toshiba has succeeded in development of 

process technology to grow Bi system super- 
conducting thin film in oblique orientation. 
Such thin fdm has 100 times the current den- 
sity of ordiary (vertically grown) thin film. 
The technique can be applied for fabrication 
of JJ (Josephson Junction) elements. When 
TiOSr crystal substrate is cut obliquely, thin 
film grows at an angle of 48" against the sub- 
strate surface. The process employs MBE 
(Molecular Beam Epitaxy). 

Niobium-Aluminum 
Superconductor 

Tokai University's Faculty of Engineering 
has developed a new process for making 
niobium-aluminum superconductor having a 
critical magnetic flux density of 30 to 40 
tesla. Until now there existed no adequate 
method to produce wires of niobium- 
aluminum superconductor, which has a 1.5 to 
2 times higher magnetic flux density than 
metallic superconductor currently being com- 
mercialized. The new process is more simple 
than the conventional one and produces the 
wires more easily. The research group 
believes that this may pave the way to the 
development of superconducting magnets 
generating flux density of 20 tesla or more 
for superconductor-driven ships, NMR 
analyzers and nuclear fusion. 

The superconductors presently being used 
are of niobium-titanium alloy and niobium-3 
tin, which generate a magnetic flux density of 
11.5 and 20 tesla, respectively. These cannot 
be made into superstrong magnets generating 
a flux density above 20 tesla, because they 
generate lower flux density when made into 
wires and wound around a magnet. 

By contrast, niobium-aluminum supercon- 
ductor generates much higher flux density, 30 
tesla by niobium-3 aluminum and 40 tesla by 
niobium3 aluminum-germanium, and is 
promising as a material for superconductor 
magnets capable of generating a flux density 
above 20 tesla. 

It is necessary for the conventional 
method, which depends on direct diffusional 
reactions between niobium and aluminum, to 
produce a very thin film (about 0 . 1 ~  thick) 

of aluminum, which makes it difficult to 
fabricate the superconductor into wires. 
Another problem is degraded characteristics 
res+ ulting from the thin aluminum film, 
which causes reduced aluminum concentra- 
tion in the niobium3 aluminum shucture. 

The new process uses a niobium-2 
aluminum compound as the starting material. 
This is diffusion-reacted with niobium to 
produce niobium4 aluminum compound, in 
which a mixture of powdered niobium-2 
aluminum and niobium is formed into strips 
and then thermally treated. No thin fdm of 
aluminum is required, resulting in no reduc- 
tion in aluminum concentration. 

The niobium-3 aluminum-germanium su- 
perconductor produced by the new process 
has been confirmed to have a critical current 
density (the largest current available under a 
superconducting condition) of 500mA/cm2 or 
more at 4.2K (approximately -268°C) and a 
magnetic field flux of 28 tesla. The research 
group has also formed the niobium-aluminum 
superconductor into a tape 2m long x 5mm 
wide x 0.4mm thick, and a multi-core wire 
containing 7 niobium-aluminum cores. 

Electric Power Storage Flywheel 
The Superconductivity Research 

Laboratory of ISTEC has succeeded in 
development of a flywheel which stores 
electric power by means of superconductivity. 
The prototype system can store l00Wh of 
elechic power. 

The rotation unit is an aluminum wheel 
(30cm in diameter, 3.5m thick and weighing 
37.5kg) containing an Fe/Ne/Br permanent 
magnet. The stationary unit has Y system 
superconductor as shown in Fig.1. Through 
the magnetic levitation effect, the flywheel is 
suspended Icm above the superconductor. In 
experiments, the flywheel rotated at 3600rpm 
t6 store 100Wh. When the system operates 
in a vacuum environment, the flywheel can 
rotate forever, therefore it can store energy. 
An experiment demonstrated that the electric 
power storage device could light an electric 
lamp. If the flywheel weighs 500kg, such a 
system could store 10kWh; the Laboratory 
plans to manufacture such a device. The 

key technology is how to arrange per- 
. . . . . - - - - - -- - -. 

manent magnets without reduction of mag- 
netism caused by the increase in size of the 
permanent magnet and large superconducting 
M Y .  

370kVA SC Transformer 
The Superconducting Magnet Research 

Center of Kyushu University has completed 
a 370kVA superconducting trans- 
former measuring 3.lm high by 1.13m in 
diameter and weighing 4 3 .  NbTi alloy 
multi-filamentary wire composed of 3 
twisted wires of 6 filaments is used. When 
liquid helium cooled the coil directly, the 
transformer registered secondary cwent of 
365kVA, though this was only 60% of the 
target current. 

Switch for SC Circuits 
Toshiba, together with Prof. Shioda 

(Tokyo Institute of Technology) and Showa 
Electric Cable and Wire Co., has developed a 
new type of switch which can supply and cut 
off current during ordinary conduction ac- 
cording to superconducting circuit cooling to 
permit the flow of superconducting current 
The new switch applied NbsSb multi- 
filamentary wire instead of the NbTi wire 
employed in conventional switches. Base 
material of the new switch wire is c o p  
per/nickel alloy. The switch is 6(hnm in outer 
diameter and 44mm long; length of the su- 
perconducting wire is 55m. Tc is 18k, and Jc 
at 4k is 2300A/mm2 under 7 tesla. 

Aspheric Glass Lens Production 
Microengineering Co., has jointly with 

Nakanoume Lens Co., Ltd. and Toyonari 
Ltd.. developed technology for mass pmduc- 
tion of aspherical glass lenses. As processing 
is difficult, glass has not been used for as- 
pherical lenses; plastic has been used as 
material which permits easy processing. In 
the new process, aspheric lenses are formed 
roughly prior to polishing with a ceramic 
mold at 600'C. Error rate of a roughly 
formed glass lens is O.lmm for lOOmm in 
radius, therefore the thickness to be removed 
by polishing is largely reduced. 
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Bi-Sr-Ca-Cu-0 Superconducting Oxides Synthesized from Different 
Diffusion Couples 

K y o j i  TAC~IIKAWA. Takayuk i  WATANABE, Takayuk i  INOUE 
and Ken j i  SHIRASU 

Drportmcnt of Mbrerials Tcrhnolu8y. Fmulfy of Engineering. Tokai University, Hiratmka. Konagowo 259-11 

Thick Bi-Sr-Ca-Cu-O(BSCC0) layers have been synthesized by a reaction diffusion between a Sr-bare oxide 
substrate and a Bi.basc oxide coating layer. E k t s  of the composition of diffusion couples on superconducting proper- 

ties and structures of resulting reaction layers have bnn  studied. The most favorable diffusion couple to form a uniform 
2212 layer was 2001 (Bi2Cu0,) and 0212(Sr,CaCu203. The Pb substitution for Bi in the coating layer produced a thick 
2223 layer with no crystal orientation, unlike the 2212 reaction layer which showed a strong a-axis orientation. The L i  
substitution for Bi significantly enhanc- T. of 83 K was obtained after a heat treat- 
ment at8CQ°C for 10 mi". A study was also performed on the pawder-diffusion process in which powdersofaSr-baseox- 
ide and a Bi-base oxide were mixed and sintered. 

KEYWORDS: BSCCO, reaction diffusion. Pb substitution, Li substitution. T., J., crystal orientation 

X-ray Photoelectron Spectroscopy Study in Bi~Sr2Ca~-,Nd,CuzO*+~ 

Hidetosh i  YAMANAKA, H i r o y u k i  ENOMOTO, Jae Soo SHIN, 

Takeshi KISHIMOTO, Yoshik i  TAKANO~, Natsuk i  MORP 
and Ha j ime  O~AKI 

Drp"rlmen1 of E lec f r i ~ l  Enginrering. W d a  Uniwmity, Ohkubo 341. Shinjuku-ku, Tokyo 169 
'Deportment of Physics, Nihon Universify, Kand~Sumgadai 1-8, Chiyodo-ku, Tokyo 101 

'Department of Electrical Engineering, Oyama Nation01 College of Technologv. 
Nakakuki 771, Oyama 323 

X-ray photoelmron spectrowopy (XPS) measurements were performed in Bi~1~Ca,-,Nd,Cu,0,.~(06~~ I) in ordn 
to investigate the change in the elenronic stares through the decrease of the holm on this system. The nwt ive chemical 
shifts of the Cu 2p main ptaks were observed, while their satellites did not shift but dcneased in areas. These behaviors 
ind~cated that the holes at both Cu and 0 sltes decrease w~th ~ncreastng Nd concentratton x. 

KEYWORDS: BI~S~~C~,-,N~.CU~O,,, 221 2 phase, hole concentratton. XPS. Cu core-level spectra, hole a t  Cu 
slte, hole at 0 s~te 

Preparation of Lateral Isolation Structures by Controlling Bi or Ca 
Compositions in Bi-System Superconducting Films 

Tatsuro USUKI, I ch i r o  Y ~ s u r ,  Yorinobu YOSHISATO 
and Shoichi NAKANO 

F u n c l i o ~ l  MateriaIr Res~lrch Cenler. SANYO E l ~ t t i c  Co., Lfd.. 1-1&13. Hmhiridoni, Himbto, Osaka 573 

Two kinds of monolithic lateral isolation structurw have bem obtained by controlling Bi or Ca compositions in the 
lateral direxion udng a Bi-oxidesystem for the first time. One is a BiSrCaCuOlSrCaCuOlBiSrCaCuO structure, which 
w u  made from n Bi-OISrCaCuO layer. The other is a BiSrCaCu0IBiSrCu01B1SrCaCu0 structure. which w u  made 
from a Ca-FIBiSrCuO layer. Each BiSrCaCuO area is composed of a 2-2-1-2 phev and a 2-2-2-3 phase, with high 
crystallinity in the c-ax* orientation. A SrCaCuO area indicates uml-insulation. The B~SrCuOsrsa showed a flat temper- 
ature dependence of resistivity above 25 K and exhibited a resistivity of about 6 mn.cm. 

KEYWORDS: Bi-Sr-Ca-Cu-0 high-T. phase. Sr-Ca-Cu-0. Bi-Sr-Ca-0, rf magnetron sputtering, slamon beam 
deposition, annealing, diffusion, patterning 
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Japanese Journal of Applied Photo Chemical Vapor Deposition of Metal Oxide Films 

Phvsics Relating to Bi-Sr-Ca-Cu-0 Superconductor 
voi.30 No.4 April 1991 
p.656-660 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4 April 1991 
p.661464 

Hideomi  KOINUMA, Kaliq A. CHAUDHARY, Masaaki  NAKABAYASHI~, 

Tadashi  SHIRAISHI~, T a k u y a  HASHIMOT$, Koichi KITAZAWA~, 

Youichi SUEMUNE~ a n d  Takakazu YAMAMOTO' 

Research Loboratory of Engineering Malerials, Tokyo Inrlilule of Technology. 
4259 Nagatsum, Midori-ku, Yokohama 227 

'Department of Communicalions, Faculty ofEngineering, Tokai University, 

1117 Kitakanome, Hiralsuka 259-12 
'Lkpartrnenl of Industrial Chemistry, Faculty of Engineering. University of Tokyo, 

7-3-1 Hongo, Bunkyo-ku, Tokyo I13 
'Nihon Kogaku Songyo Co., Ltd.. 80 Nakane-cho, Souka, 340 

'Research Laboralory ofthe Resources Utilization, Tokyo Instilure of Technoloby. 
4259 Nagofsufo, Midori-ku, Yokohoma, 227 

Oxide films relating to high-T, superconducting Bi-Sr-Ca-Cu-O system were prepared by an oxidative photoehmioll 
vapor deposition using a low pressure mercury lamp. Bismuth oxide film was prepared by the photo decomposition of 
Bi(C,H,), in the presence of oxygen (20 Torr) at 3W°C. while no film was obtained without the UV light irradiation. The 
UV light irradiation increased X-ray diffraction peak intensities of CuO, CaCO,, and SrCO, films prepared from 
Cu(dipyvaloylmethanate: DPMX, Ca(DPM),, and Sr(DPM),, respectively, at a temperatures of 4W°C. By simultaneous 
supply of Ca(DPM), and Cu(DPM)$, CalCuO, crystalline film without CaCO, contamination was formed at 4WDC. 
Without the UV irradiation, amorphous Ca-Cu-O film was obtained by thermal CVD. Photochemioll reactions using 
N,O and NO, instead of O2 were also examined. 

KEYWORDS: high-T, superconductor. Bi-Sr-Ca-Cu-0 system, photo CVD, oxide film, low temperature 
growth, Ca-Cu-0 

Heterodyne Detection of Microwaves Using 
Granular-Type Y1Ba2Cu307-, Superconductors 

Yorinobu YOSHISATO, A k i o  TAKEOKA, Minoru  TAKAI, Kazuya NIKI, 
Shuichi YOSHIKAWA, Toshimasa  HIRANO a n d  Shoichi NAKANO 

Funclionol Molerials Raeorch Center, SANYO Electric Co., Lld., 
1-Is13 Hashiridani, Hirakalo, Osoka 573 

A heterodyne mixing experiment of microwaves at about 20GHz was pnfonncd using a minowave dns tor  made 
from granular-type Y,Ba,Cu,O,., (YBCO) supoconductors. Although the bridge included many boundaries, voltage 
steps correrpondtng to the Josrphron frequency and step height dependence for microware power similar to those of a 
single weak-link bridge were clearlv obsmed. The IF sianal showed peak am~liadeseorresponding to the peak dynamic . . 
resistantancedue to nonlinearity resulting from the Josephson effect. It was confirmed for the first time that this detector 
ooerates stablv for the heterodyne mixer at M) K or below and has a wtential for high sensitivity due to its large dynamic 
resistance. 

KEYWORDS: YBCO superconductor, microwave detector, granular, Josephson effect, grain boundary. 
heterodyne mixing 

Japanese Journal of Applied Field-Induced Anistropy in Bil.7Pbo.lSr2Ca2C~30y High-T, Superconductors 
Phvsics Joo-I1 LEE. Mun-Seog KIM. Seong-Cho Yu,  Suhk-Kun OH, Woo-Young L I M ~  a n d  Min-Su CHANG~ . . - .  - 
VO~JO No.4 April 1991 Depr. ofPhysics, chung-buk Nalionol Univ.. Chwngiu 360-763. Korea 

p.665-666 
'Depl. ofphysin. Koreo Univ., Seoul, 136.701, Korea 
ZDeol. of Physics. Puson Nalionol Univ., Puson 609-735, Korea . . .  

The angular dependence of the magnetization of Bi,,Pb,,Sr2Ca,Cu,O. was studied by rotating the sample relative to 
the applied magnetic field. At low fields and at the nitrogen temperature, the irreversible part of the field-~ooled 
magnetization, M,,,, rotates with the sample like a rigid body. Above some angle4*, the rigid nature of the sample is di- 
minished, and a pan of M,, disappears. This feature is qvite similar to what had been observed in Y,Ba,Cu,07 com- 
pounds. 

KEYWORDS: angular dependence, high T, superconductor, irreversible magnetization, field-cooled, zero-fiald- 
cooled, magnetic anisotropy 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4A April 1991 
p.LS87-L589 

DC Superconducting Quantum Interference Device of YBa2Cu307-, 
Step-Edge Junctions 

Mitsuyoshi YOSHII, Jun-ichi KITA, O s a m u  NAKATSU 
and Yasuharu YAMADA 

Cenrral Reseorch Labomlory, Corporate RID Operarions, Shimadzu Corporation, 
I Nbhinokyo-Kuwobarocho, Nokogvo-ku, Kyolo 604 

DC superconducting quantum interference devices (DC-SQUIDS) arc made of YBa$u,O,.,(YBCO) thin films by con- 
ventional ohotolithoaraohy and argon ion millina. The YBCO thin films are oreoared on magnesia substrates with step - . .  - . . 
edges by the rf magnetron sputtering method. The step-edge junctions for the SQUIDS exhibit clear DC end AC 
Josephson effects. The SQUIDS respond well to change of magnetic flux and have a white flux noise at 51.4 K of 
8.1 x 10.' +.IHz"'at 1 Hz, 5.8 x 10.' +.IHZ"~ at (0 Hzand anoiwincrease at a low-frequency rangeof lessthan 10 Hz. 

KEYWORDS: YBalCu,Ol-, thin films, rf magnetron sputtering, DC-SQUID. Josephson effect 
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Japanese Journal of Applied 
Physics 
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p.LS78-L581 

Japanese Journal of Applied 
Physics 
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p.L690-L693 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4B April 1991 
p.L697-L699 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4B April 1991 
p.L703-L705 

Electron-Irradiation Enhancement of the Critical Magnetization 
Current in the Bi1.4Pbo.~Sr2Ca2Cu30~~ Superconductor 

Kensuke SHIRAISHI, Yukio  KAZUMATA' a n d  Takahiko  K A T ~  

Takasaki Radiation Chemistry Research Eslablishment, Japan Alomic Energy Reseorek Institute, 
Walanuki-machi, Takasaki, Cunma 370.12 

'Depamnenl of Physics, Japan Atomic Energy Research Institute, 
Tokai-mum, Ibaraki 319.11 

'Hilachi Research Laboralory, Hilachi Lld., Kuji-eho. Hilochi, Ibaraki 319-12 

The Bi,,Pbo,Sr,Ca,Cu,O,, ceramic was irradiated with I MeV electrons of 1.1-27.5 x 10" cm-'.s-' dose rate to a 
dox of 1 . 0 ~  10" cm-' at ambient temperature, and the magnetization measurements were carried out at 5,20 and SO K 
in magnetic fields up to 5 T. Whereas the magnetization current density at 5 and 20 K was increased by the irradiation. 
the current density measured at SO K was decreased in low magnetic fields. The enhancement of 17-25% in the current 
density at 5 K, which was dependent on dose rate, changed slightly with an increase in strength of the magnetic field. 

KEYWORDS: superconductor. IBi, Pb12Sr,Ca,Cu,0,,, ceramic, electron irradiation, magnetization, critical cur- 
rent density 

Study on Annealing Treatment and Sr/Ca Ratio 
for Pb-Sr-Y-Ca-Cu-0 Ceramics with "1212" Structure 

Seiji ADACHI, Hideaki  ADACHI, Kentaro  SETSUNE 
and Kiyotaka WASA 

Central Research Laboratories, Marsushita Electric Induslrial Co., Ltd., 
3-15 Yagumo-Nakamachi, Moriguchi, Osaka 370 

Theannealing effects of "1212" lead cuprate in a Pb-Sr-Y-Ca-Cu-0 system were investigated. Sampla with a 
nominal composition of (Pbo.,Cy,)Sr2(Y,-,CaK)Cu2O, (x=0.4-0.7) were annealed at various temperatures in oxygen. 
Thex=O.S sample, which was annealed at 8W°C and then quenched, exhibited the highest T,(zcro resistivity)of48 K. It 
was found that there were three different types, two telragonal phaser and one orthorhombic phax, in the "1212" of 
x=O.S. It was considered that the phase transformation was caused by different oxygen contents. Samples with a 
nominal composition of (Pbo,,Cu,,)Sr,+,(Yo,Ca..IIz)C~IOO (z= i0.3) were also prepared. Deviation from z=O.O in 
the composition induced degradation df the superconductivity. 

KEYWORDS: oxide superconductor, high-T, superconductor, lead cuprste, anmaling treatment, 1212 struc- 
ture, phase transition. SrICa ratio 

Preparation of Superconducting Bi2Sr2CaCu20x Ceramics by 
Low-Temperature Heat Treatment 

Won-Hyuk LEE and Yoshihiro ABE 

Deparlmenr ofMaleria& Science and Engineering, Nagoya Inslilure of Teihnolog~, 
Gokiso-rho, Showa-ku, Nagoya 466 

Superconduning ceramic rods (T,-80K) of Bi,Sr,CaCu,O, were successfully prepared by heat treatment in air at 
7W'C for 20-50 h; the temperatureof7WDC is believed to be the lowest temperature reported so far. The precursor rod 
swimms were made by vacuum casting the stoichiometric melts into silica tubes; the as-cast rods are spontaneously 
devitrified during cooling and are composed of crystalline phases of Bi,Sr,CuO, (2201 phase) and small amounts of 
Cu,O and unidentified crystalline phases. 

KEYWORDS: bismuth-oxide-based Superconductor, glass ceramics, low-temperature heat treatment, melt 
quenching, critical temperature, vacuum casting 

Preparation of BiSrCaCuO Superconducting Thin Film by 
Microstructure and Microwave Properties of Tl2Ba2CaCu20s 

Thin Films on CaNdA104(001) 

K. H. YOUNG, D. ARNEY, E. J .  SMITH 
a n d  D. STROTHER 

Svpermnductor Technologies kc.. 4-W-F Ward Drive, Sonla Barbara. CA 93111, U.S.A. 

High-quality epitaxial Tl,Ba,CaCu,Ol superconducting thin films have been grown on CaNdAIO, (WL) substrates by 
a two step process. Analysis results from secondary ion mass spectroscopy and X-ray energy dispersive spmroscopy of a 
film annealed at 850°C indicated non-uniform Nd and Ca interdiffusion from the substrate into the film. A second film, 
annealed at 8W°C, exhibited better ~u~erconduaing properties with a Tc of 100.7 K, transition width of 2.5 K. and J. Of 
3.5 x I0'A]cm1 at 77 K. Microwave measurement at 77 K o i  a 2.3 GHz microstrip resonator made from the 8W°C an- 
nealed film on a CaNdAIO, substrate exhibited a low power Q of 2,lW. 

KEYWORDS: high Tc superconductor, TI-Ba-Ca-Cu-0 thin film, CaNdAlO,, ~nicroatructure, microwave 
resonator 
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Japanese Journal of Applied Changes of Superconductivity and Crystal Structure on Ba2YCu307-, by 
Physics 1 MeV Ar+ Ion Irradiation 
Vo1.30 No.4B April 1991 
p.L728-L731 

Takayuki  TERAI, Tai Fvawr~. T a m a k i  WRGI, 
Kazuyuki KUSAGAYA and Yoichi TAKAHASHI 

DWWImenf of Nuclear Enfin€winz, Faculty of Enfinering, 
Unimily of Tokyo. Howo. Bunkyo-ku, T ' o  113 

Effects of I MeV Ar' ion in.distim on thin fflms of hieb-T. oxide suareondmor Ba,YCu,a-. (BYCOI me in- - . . - .  
vestigated in the Euemx ran@ bnwan 1.7 x 1010ionslcm2 and 9 9 x  10'' ionslcm'. In- of tranrport aiticil curreat 
densitv fJ.) bv irradiation was observed with a Euencc below 1.3 x 10" ionslcm'. while the critical tcmmture  iT.) was . . -  
unchaoged this Bu- region. With a Euence above 3 . 4 ~  1 0 ' L ~ / c m 2 .  botb 7. and J. d a r t a d  with krtukq 
Eumcc. Rcaudinr the channc of the msd structure. e x m i o n  of the taxis Lattice mosunc d an i m a x  of full 
width at h i f  m&&M) v h . o f  the peaL  ray ditiranion were W e d  above a hence of 1 . 0 ~  10" 
ionslcm'. These resuhs sulnnt that the radiation induced defects act as ~innitw centers in the low tfuellfe redon. and -- . - - .  
they cause the destruction of the crystal structure in the high Eueme region. 

KEYWORDS: superconductor, Ba2YCy0,-., thin fihn, Art irradiation, d i a l  euncnt dewily, aitial tnnpartllrr 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4B April 1991 
p.L732-L734 

Japanese Journal of Applied 
Physics 
Vo1.30 No.4B April 1991 
p.L735-L738 

Laser Excitation Effects on Laser Ablated Partldes 
in Fabrication of High Te Superconducting Thin F i s  

H i s h i  CHIBA, Kouichi MURAKAMI, Osamu ERYV, 
Kazuhiko SIUHOYAMA~, Takayasu MOCHIZUKI~ and Kohzoh W ~ A  

Inslifufe of Mmerials Seicncr, Utriwrsify of Tdubu, Tsukuba Acatemic City, Ihw&i 305 
'center for Oplmnia Products, HOYA CorpomIion. Meahino 3-34. Akkhime. Tokyo 1% 

Improvcmeat in the chara~nistica of YB~QJO, superrondueting thin i i h  was performed by a second h hadin- 
tion method. Partielea in the hm ablated plume w m  decomposed andlor excited by the second hm irradiation. By 
w n u o ~  a lime d e b  of the seeond laser from the ablation h, ablmd panicles with averam velocities of I x 1 e  
cmls and 2 x  l0'cmls were irradiated with the second t-. Notable im&vcment was o& when the doas 
abktcd particles w m  hadinled with the swmd hser. 

KEYWORDS: second lasa  irradiation effect. laser eblation, high T. aup.rcondu*ing thin films. Yh,Cu3O,. 
ablated panicles 

119Sn-Mossbauer Study on the Nonnal Lattice Vibration of 
Supercoududing B ~ ( P ~ ) Z S ~ Z C ~ ~ C U ~ S ~ O . O ~ ~ O ~ ~ - ~  

Tetsuaki NISHIDA, M o t o m i  KATADA', Nor io  MIURA~,  
Yuichi DESHIMARU~, Tetsuya OTANI~, N o b o r u  YAMAZOE~. 

Yasukuni ~ ~ A T S U M O T O ~  and Yoshimasa TAKASHIMA 

Department of Chemislry, Faculty of Science, Kyushu University, Hakozaki, Higmhiku, Fukuoka 812 
'~epartment of Chemistry, Faculty of Science. Tokyo Metropolitan University, 

Fukruowo. Sefwayaku, Tokyo 158 
'Dewrfmmf of MmeriaIr Science and Technologv. Graduate School of Enfincerinf Scienm, 

Kyurhu University, Kmga-shi. Fukuoka 816 
'Department of Electrim1 Engineering, F m l t y  of Engineering, Kinki Uniwsity in Kyurhu, 

liwka, Fukuoka 820 

The " S n - ~ b s b a u n  spstrum of supmonducting Bi(Pb)2Sr2Ca2Cu,Sqo,,0,,_, ceramic. having the T. of 108 K, 
consists ofan inense doubla peak with thed of 0 . 1  m m  and theA of 1.01 mm.s-' at mom tanpemtu~.  The 6 and 
A indicate that the ~n'' is substituted for the copper ion in the triangular CuO, site of theCuO. laver. The 6snd the ab- . . 
sorption area increase nadually with dmeasing temperature and become satuntcd a about 30 K, being consistent with 
the theoretical c u n a  obtrned from the "combined Debyeand E~nrtcin model". Only the normal vibration without the 
softening is observed in the CuO, layer. 

KEYWORDS: superconductiw Bi(Pb1-Sr-Ca-CulSnb-0, "high-T. 2223 phase". "'Sn-~lssbauar spec- 
troscopy, sn4+ present in the CuO, layer, normal lattice vibration. softening of lanice vibration. 
"combined Debye and Einstein model". Debye temprature 
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Reaction between Nitrogen Monoxide and Carbon Monoxide over 
Superconducting Bi-Sr-Ca-Cu and Related Mixed Oxides 

Nori taka  M m ~ o , +  H i s a s h i  TOYAMA,~ M i k a  TANAKA, M i k a  YAMATO,~ and M a k o t o  MI~ONO* 
Department of Synthetic Chemisuy. Faculty of Engineering, 

T h e  University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 

Synopsis. Bi-Sr-Ca-Cu-0 mixed oxides having a Biz- 
Srz2tCuzG structure were very active for reactions between 
nitrogen monoxide and carbon monoxide among the pre- 
pared catalysts having perovskite and related structures. 

P m n t  address: Catalysis Research Center, Hokkaido 
University, Sapporo 060. 
tt hmt address: Central Research Laboratory, Hitachi 
Ltd.. Kokubunji. Tokyo 185. 
m Present address: Asahi Chemical Industry Co., Ltd., 
Yako, Kawasaki-ku, Kanagawa 210. 

Preparation of YBarCu,O,-x S u p e r c o n d u c t o r  by Sol-Gel 

Method Using Metal C a r b o x y l a t e s  as Starting Materials 

Jisun Jw', Hiromitsu  K o w *  and S u m i o  SAKKA*. 

Suppression of the bloating of the Y-Ba-Cu-0 metal acetate gels during heating for the conver- 
aim of gel-to-superconducting oxide was attempted by three different approaches : the use of metal 
formates characterized with less numbers of carbon and hydrogen atoms in a m o l d e  than c-s- 
ponding metal acetates, the vacuum drying of the gel O e r  before heating, and the reduction of the 
rate of heating of the acetate gel. Vigorous bloating was seen in metal formate gels as well in the 
temperahue range where the cnpper famate complexes were decomposed, and thus the we of metal 
formatea as the starting materials was not effective in suppreaaing the bloating. The vacuum drying of 
the gel waa not effective either. On the other hand, the reduction in the rate of heating for gel-to 
-superconductor conversion was effective in suppressing vigorous bloating. leading to the formation of 
solid ceramic supmondueting fibers with T. (end) of 86.3 K. 

Ke, word* : Superconducting oxide, Sol-gel method. Fiber, Fonnate, Acetate, Thermal 
decomposition 

Grain Growth and Dielectric Properties of 

SrO-SmtO,-Ta,Ol C k r a m i c s  

Keisuke  KAGEYAMA* and Mitsuhi ro  TAKATA*. 

In order to s u m y  new microwave dielectric resonators, complex perovskite compounds having 
A(B',I,/B",I.D. composition have been investigated. It was reported previously that the dielectric cera. 
mica fabricated from a amichiometric powder mixture in Sr(Sm,I,Ta,,,W), composition (SST caa-  
mica) had a high Q value at microwave frequencies and a negative t e m p e r a m  coefficient, and also re- 
ported that long time a i n h g  had considerable effects on the denaification, grain growth and the im. 
pmvement of microwave Q for SST ceramics. 

In this study, HIP'ed SST ceramics were prepared in order to investigate the relation between 
grain growth and microwave Q with taking notice of the effect of HIP process on the acceleration of 
grain growth under certain conditions. The results were summarid as follows : 

(1) Long time sintering was effective m the densification and grain growth of SST caamica. HIP 
after long time sintering accelerated the densification and p i n  growth of SST ceramics. 

(2) The relative dielectric constants of both normally sintered and HIP'ed SST ceramics in. 
m s e d  a c c d i g  to the densiheation of SST ceramics. 

(3) Microwave Q of HIP'ed SST ceramics was not improved from that of normally aintered c m .  
mics in spite of the increases of density and grain size. 

Key m r d s  : Strontium samarium tantalum oxide. Complex pemvskite, Grain g r d ,  
Dielectric resonator, Microwave properties 

1 . s ~ ~  International Erosion of Ceramic Particle Composite Products for Pipe Transportation 
Vo1.31 No.4 1991 
p.372-378 Yoshlyasu MORITA, Hlmkazu KAWASHIMA a n d  Msnabu SEGUCHI'I 

Irma steal Fl-h Labwetmy, S u m i i  Meld Industries, Ltd.. F u x - 6 ~ .  Amagad.  H y v p k r .  BBOJapan. 1) SumiWn Tahm 
Ressarch, Lld.. Furocho, Amagesaki. Hyopo-ken. 8M) Japan. 

The emsion of Me metal-ceramic particks dispersion composne materials was experimented for the purpose of improv- 
ing the erosion resistance of Me emow fci the transportation line of solid particles. The composite Rat plates were made 
by casting memod adding ltm alumina parlides of 3 mm diameter into each mabix. The efleds of the impingement parti- 
cle and the impingement angle on the emsion ofthe wrnpo&e were investigated. It was made clear that the erosion ratio 
of the composite was decreased to a half of the average value of the matrix only. Then, the improvement of the erosion 
resistance of the trial composite elbow was wnfirmed. 

KEY WORDS: composite material: ceramics; emsion: maintenance; mechanical tesling; wear 
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Study on Strength Distribution and Size Effect of 

Ceramics by Computer-Simulated Experiments 

(Continued Report : In the Case that the 
Lower Limit Exists in Strength) 

Yoshifumi TANIGUCHI., Junichi K n m '  and Toshiro YAMADA*. 

Following the previous report. the strength distribution of ceramics was simulated by the 
Monte-Carlo method for the ease in which the lower limit existed in the strength of ceramics. In this 
shtdy, the tensile strength, 8-point and 4-point bending strengths of specimens of four different s i m  
were calculated, by using the model specimens with a number of penny-shaped inner cracks. In order 
to investigate the change of strength distribution of ceramics due to the size effect, the strength 
ohtained was plotted on the Weibull probability paper. It was found that the shape of strength distrihu. 
tion was convex for the specimens of large effective volume, while it was concave for those of small 
effective volume. The strength distribution function for this model was also expressed and compared 
with the simulation results. As a resulr both distributions showed good agreement in the range of frac- 
ture probability greater than a few percents. 

Furthermore, the relation between the mean strength and the effective volume was discussed. As 
the atrength of the specimens varied between the lower and upper limits, its relation was represented 
by a inverse S-shape curve on the logarithmic graph paper. 

Ke" words :Ceramics, Strength. Monte-Carlo simulation, Inner crack, Size effect 

Strength Properties of Structural Ceramics at Elevated Temperatures 
(Relationship between Fracture Toughness and 

Fracture Strength of Smooth Specimen) 

Nobushige K o ~ s o *  

Flexural strength tests a d  fracture toughness teats on two kinds of ceramics (silicon nitride and 
silicon carbide) were carried out by four-point bending at room temperature and elevated tempera- 
tures. The fracture toughness was measured by using the chevron-notched specimens and by using the 
controlled wrface flaw specimens which have a semi-circular surface crack induced by a h o o p  in- 
denter. 

Furthermore, the fracture toughness of amwth specimen was evaluated by using which is 
the square root of the area of the defect projected to the direction of the principal stress. These results 
were discussed in comparison with the fracture toughness values obtained by the chevron-notched 
specimens and the controlled surface flaw specimens. 

The results obtained are as follows : 
(1) The fracture toughness values depended on the method of measurement The values of silicon 

nitride and silicon carbide obtained from the chevron-notched specimens were higher than those 
obtained from the controlled surface Baw specimens at elevated temperatures. 

(2) The fracture toughness values of silicon nitride obtained from the controlled surface flaw 
specimens decreased rapidly when the temperature exceeded 1000%. It was clear that its rapid de- 
crease was caused by slow crack growth. 

(3) The fracture toughness values of silicon carbide ohtained from the controlled surface flaw 
specimens were iduenced by the healing of crack at about 12W'C. 

(4) The temperature dependency of the fracture toughness value of silicon nitride ohtained from 
the smooth specimens coincided with that of the fracture toughness ohtained from the controlled sur- 
face flaw specimens. 

Keu w r d s  : Structural ceramics, Elevated temperatures, Flexual strength Knoop-indented 
specimen, Chevron-notched specimen, Fracture toughness. Equivalent crack 
length 

Evaluation of Thermal Shack Fracture Resistance of Ceramics 
by Quenching-Small Punch (SP) Test 

Jing-Feng Li*, Akira Kawasaki**, 
Zi-Zhang Xie*** and Ryuzo WatanabeW* 

A simple test method using small sized specimens is often rquired for the effective development of 
ceramic materials. In the present work, the Modified Small Punch (MSP) test was employed for evaluating 
the thermal shock resistance of Y203-ZrO, and Sic  ceramics. 

The change in strength after qwnching from various temperatures was evaluated accurately by the 
MSP test. The loada. deflection a w e s  obtained by the MSP test provided more detailed information about 
the thermal shock by quenching. It has been found that the measured values of the critical temperature 
difference which indicates the thermal shock resistance of the ceramics are in good agreement with the 
theoretically calculated values for the materids investigated in the present work. The results show that the 
combination of water quenching and MSP test is effective for the evaluation of thermal shock resistance of 
ceramics. 

Kegmar&: m a ~ l  mluatia. themu1 shod resistare, -ping, small punch test, z i m i a .  
silimn mrbide 
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Journal of The Japan Institute Microstructure and Superconducting Properties of Nb3N Multifilamentary Wires 

of Metals Processed by Nb-Tube Method* 

V01.4 No.4 1991 Takao Takeuchi*', Michio Kosuge". Yasuo Iijima*', 

p.472-480 Akira Hasegawae*, Tsukasa Kiyoshi", 
Fumiaki Matsumoto*' and Kiyoshi Inoue8* 

Minoshucture of Nb tube processed Nb3AI multihlamentay wires was studied by an X-ray diffrac- 
tometer, a transmission electron microscope, etc., and its effect on superconducting properties was disfuss- 
ed from the nrrrpoint of Al-cmsizs, heat treatments and additiveelements. Sampleswith various Alson 
diameters were prepared by arranging the filament numbers and final composite diameters. With decreasing 
Al-core sizes, the volume ratio of ~ 1 5 p h a s e  to other intermediate phase increased, but the lattice parameter 
of A15 phase decreased conversely. This was accompanied by an increase m T, and Ha (4.2 K), suggesting 
that the small diffusion spacing between Nb and Al, which was realized by reducing the &ore size, 
facilitates to form the metastable A15 vhase with the composition near stoichiometw. However, both then 
value of voltage-cunent rharacteristikand its magnetic field dependence wen remarkably decreased when 
the Nb, Al comwsite was heanly colddram into Aliorc sizes below 50 nm, suggesting that the& filament 
"sausaging" &used by heavy colddrawing is one of the reasons for degradation in superconducting proper- 
ties at small Al-core sizes. TEM microstructures were in good agreement with reported ones of NblAl 
multilayer thin films. Alloying Al-cores, which are essential to improve the workability of NbIAl composites, 
influences the superconducting properties through the difusion reaction. Additive elements of Ag and Mg 
facilitate the formation of the A15 phase with excellent superconducting properties at a low reaction 
temperature (below 1200 K). They enable the NbIAl composite to be used for alternating current (ac) 
superconductors, since ac conductors consisting of resistive Cu alloy matrix must be heat treated below 
1200 K. On the other hand, the addition of Cu, which depresses the A15 phase formation rate, is suitable for 
the high-field superconductors, since it makes it easy to control the high tempeature heat treatments for 
short periods. 

Journal of The Physical Society 
of Japan 
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Journal of The Physical Society 
of Japan 
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Two-Dimensional Weak Localization in Electron High-T, 
Superconductor Nd2-,CexCuOy under High Magnetic Field 

Yoshikazu HIDAKA, Yukimichi TAIIMA, Kiyohiro SUGIYAMA,~ 
Futoshi  TOMIYAMA! A k i o  YAMAOISHI!~ Muneyuki D a n t  

a n d  M a k o t o  HIKITA+~.* 

NTTApplied Eleclronies Labomloner, 162 Tokai, Ibcrrnki 311rll 
'Deporfment of Physics, Faculty of Science, Osaka University, 

Toyonaka, Osuka 560 
" R m m h  Center for Extreme M a e ,  Osaka University, 

Toyonaka, Osaka 560 

Electron high-T, superconductor Nd,.,Cc,CuO, single crystals arc studied under 
high magnetic held of up to 2Otesla. The superconducting state is completely 
destroyed by the field when the field is applied along the e-axis and the normal d a -  
trieal resistivity is obtained at all temperatures. The temperature dcpmdmce of the 
normal resistivity is dotted down to 1.3 K and a clear resistance minimum is found. 
 he result is understood in terms of the two-dimensional weak localization model and 
this means that the materials arc reaarded as the intrinsic two-dimensional conduc- 
tion system. 

high-Tc superconductor, high magnetic field, normal resistivity. In T dcpmd- 
a c e ,  two-dimensional weak localization 1 

Effect of Oxygen Deficiency on the Compressibility 
of High-T, Superconductor Y B ~ ~ C U ~ O , - ~  

Kazufumi  SUENAGA and Gendo OOMI 

Dmrtment of Physics, Faculry of General Edumlion, 
Kumamoto University, Kumamoto 860 

The effect of oressun on the lattice eoastant and erystal swcturc of YBa,Cu,Cb-a 
(YBCO) has banstudied up to about 120 kbar at room tempmaturein the wide ran* 
of 6, 0<6< I. It is found that the lattice compression of all samples is anisotropic, 
and the volume compressibility of supaconducting YBCO increases with 6, having a 
peak near the orthorhombie-tctragonal phase boundary 6 ~ 0 . 8 .  

[ high-T. supawndumrs, crystal structure I 
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