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Fracture Energy and Tensile Strength of
Silicon Nitride at High Temperatures

Tatsuki Ohji, Seisuke Sakai, Masaru Ito, Yukihiko Yamauchi, Wataru Kanematsu and Shoji Ito

Government Industrial Research Institute, Nagoya
1-1, Hirate-cho, Kita-ku, Nagoya 462, Japan

The work-of-fracture (WOF) tests were conducted for
hot-pressed silicon nitride at high temperatures above
1000°C to investigate displacement rate (D-rate) depen-
dence of effective fracture energy, and then the bridg-
ing stress at a crack interface was estimated from the
increment of fracture resistance with crack extension
(R-curve behavior) to discuss its correspondence to
tensile strength. The effective fracture energy and the
bridging stress increased with lowering D-rate, and then
decreased, probably due to the activated pulling out
work of grains and its sensitivity to change in D-rate.
The bridging stress was shown to correspond to a great
part of tensile strength in the range where a plasticity
was seen in the stress-displacement (S-D) curve, imply-
ing a large contribution of grain bridging toward bear-
ing an applied tensile stress during slow crack exten-
sion.

[Received August 25, 1989; Accepted November 22, 1989]

Key-words: Silicon nitride, High temperature, Chevron
notch bend test, Fracture energy, R-curve behavior,
Bridging stress, Tensile strength

1. Introduction

Silicon nitride, which is considered one of the most
promising structural ceramics, exhibits non-elastic
behavior in high-temperature mechanical strength tests
above 1000°C due to the softening of glassy phase
formed at grain boundaries as a result of processing
with sintering additives like alumina, yttria, mag-
nesia, etc."® In accordance with lowering the vis-
cosity of glassy phase at high temperatures, the cavities
formed at grain boundaries or their triple points en-
hance subcritical crack growth, SCG, resulting in non-
elastic stress-displacement, S-D, curves.

The toughening of non-transforming ceramics can
often be attained by microcracking in the frontal pro-
cess zone and grain bridging in the following wake
region; the former sometimes accompanies the residual
compressive stress in the wake region, leading to a
rising R-curve behavior, the increase of fracture resis-
tance with crack extension, as well as the latter case.*
1) However, the softening of grain boundary glassy
phase of silicon nitride at high temperatures is assumed
to bring the similar effect of plastic deformation of
dislocation, which will make it difficult to produce
microcracks.!? Hence, the increase in fracture tough-
ness of silicon nitride at high temperatures, which has
been reported by several researchers,>19 s at-
tributed to the grain bridging; the softening of glassy
phase will give the appropriate bonding force between

grains for the most activated pulling-out works. Par-
ticularly the elongated silicon nitride grains are sup-
posed to make a large contribution for it.  This
toughening mechanism is anticipated to bring about the
rising R-curve behavior.

The high temperature fractures of silicon nitride are
dependent on viscosity of glassy phase as well as grain
morphology, etc. and, therefore, strongly affected by
strain rate, or D-rate.  Accordingly, the properties
concerning fracture energy should also be dependent on
D-rate. It was reported that in alumina containing
glassy phase the effective fracture energy or the crack
propagation resistance heavily depended on D-rate at
high temperatures, and the stress intensity factor took
the maximum value at a certain D-rate.!?®) It was
also known that fracture toughness of silicon nitride at
high temperatures showed strong dependence on D-
rate.1920)

In this study, a chevron notch bend, CNB, specimen,
which facilitate stable fracture in brittle materials due
to its triangular ligament configuration, is used to
measure the work-of-fracture, WOF, of hot-pressed
silicon nitride at high temperatures at various D-rate
from 0.1 to 0.000lmm/min, and the dependences of
effective fracture energy and rising R-curve behavior on
D-rate were discussed. Then, the bridging stress at the
crack interface, which is estimated from the increment
of fracture resistance against crack extension, is com-
pared with tensile strength measured at the same tem-
perature in air atmosphere.

2. Experimental Procedures

Commercially available hot-pressed silicon nitride
doped with 5wt% yttria and 3wt% alumina containing
impurities of 0.007% Mg, 0.008% Cr, 0.032% Fe and
0.026% Ca (wt%) was used in this study. The density
was determined to be 3.20Mg/m?3 by water immersion.
Although some types of hot-pressed silicon nitride
showed improvements of high temperature strength due
to crystallization of grain boundary glassy phase into
mellilite phase, etc.,??? powder X-ray analysis of this
material revealed little reflection from the mellilite one.

The dimensions and geometry of the CNB test speci-
men is shown in Fig.l. The width of chevron notch
was 100pm, and three point bending tests with lower
span of 30mm were carried out. The most important
problem in WOF tests is to use a stiff testing ma-
chine.?» As a matter of fact, in high temperature
measurements, if loading rods, etc. are connected by a
screw, the slack due to thermal expansion brings about
degradation in stiffness of loading system. Hence in
this experiment, a silicon carbide loading rod consisting
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Fig. 1. Geometry and dimensions of CNB test specimen.

of one body, which was linked with water-cooling
stainless rod outside the furnace, was used, and the
slack at that connection by thermal expansion is eli-
minated by strictly tightening screws after the furnace
was heated up to the test temperature. The other
testing equipments inside the furnace were all made of
silicon carbide. The “blank” tests without specimens
were carried out to know the compliance of testing
system for each temperature and D-rate, which cor-
rected the load-deflection curves obtained in WOF tests
into the true ones.

The tensile test specimen, whose geometry and
dimensions are shown in Fig.2, were fabricated from the
same billets of hot-pressed silicon nitride. This type of
specimen, where the elongation of gauge length between
two arms was measured by optical extensometer (Zimmer
OHG, Model 4100) through silica glass windows mounted
at both sides of furnace, was often used by several
researchers so far,?) and the method of elongation
measurements here was similar to them. The detailed
tensile testing method was previously described.?9)

Both tests were carried out in air atmosphere. The
furnace was heated to the test temperature in about one
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Fig. 3. Temperature dependences of tensile strength
and fracture toughness. 5 and 3 specimens
were tested respectively. Points are averages,
and bars indicate the standard deviation.

hour, and the specimen was held at this temperature for
30min before the tests were started to achieve thermal
equilibrium.

3. Results and Discussion

The softening of grain boundary glassy phase of
silicon nitride at high temperatures is known to result
in the rapid decrease of mechanical strength. The
temperature dependences of tensile strength and frac-
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Fig. 4. An example of L-D diagram of CNB test for
determining crack length, and a comparison
between calculated and measured crack lengths.
D-rate is 0.01mm/min and temperature 1260°C.

ture toughness of this material, which were measured at
D-rates of 0.1 and 0.01mm/min, respectively, are shown
in Fig3. The fracture toughness was determined from
the maximum loads in CNB test as will be shown later.
Tensile strength was degraded at a little higher tem-
perature than 1000°C, where internal friction was
rapidly raised with a peak, and elasticity began to
drop.2”

In general cases of ceramics CNB tests with changing
D-rate resulted in “stress intensity factor”-“crack
growth velocity,” so called K-v relationship, because
D-rate positively corresponding to crack growth ve-
locity. At 900° and 1020°C, the CNB tests at various
D-rate from 0.1 to 0.00lmm/min produced the result
that a lower D-rate, in other words a lower crack
growth velocity, yielded a lower fracture toughness
value, leading to a reasonable K-v relationship, though
the difference was very small?®®  However, in the
similar tests above this transient temperature, the
opposite tendency that a lower displacement lead to a
higher WOF was obtained, and therefore the explanation
on the standpoint of K;-v relationship is probably
improper. In this study the results in this temperature
range were treated as the variation of stress intensity
factor against the crack length, or R-curve behaviors.

3-1. Real and Calculated Crack Lengths in CNB Tests

Crack lengths during CNB tests can be calculated
from the change in compliance using Bluhm’s slice
model.?3)  This calculation requires as a premise that
the material is an elastic body, and therefore its ap-
plication into the material showing some plastic reaction
sometimes leads to a gap between actual and estimated
crack lengths. Bornhauser et al. succeeded in a direct
measurement of crack length during notched beam bend
tests at 1000°C using pure alumina and alumina contain-
ing glassy phase and found the difference between
measured and calculated crack lengths in the latter
alumina3)  Thus it is necessary to verify the ap-
plicability of the calculation methods into fractures of
silicon nitride at high temperatures.

Journal of the Ceramic Society of Japan, International Edition
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Fig. 5. Anexample of fracture surface of CNB test for
measuring crack length. Arrows indicate a
border between stable and unstable fractures
caused by a rapid change of D rate.

For this purpose, following experiments were con-
ducted. At a certain haltway point of a WOF test at
1260°C, D-rate was changed from 0.01 to 10.0mm/min to
abruptly bring about an unstable fracture, as indicated
by solid line of Fig.4. A microscopic observation for the
ligament portion revealed a border between stable crack
growth wake at 0.0lmm/min and the catastrophic one at
10.0mm/min. Figure S shows a fracture surface of the
example of Fig4. These operations were conducted at
the various halfway points by use of several specimens,
and as a result a real crack length curve against dis-
placement was obtained. In Fig4, the real crack length
curve against displacement measured at 1260°C and
0.0lmm/min is compared with the calculated one using
Bluhm’s slice model. There is a fairly good agreement
between them. This method is applicable only when the
load-displacement (L-D)curves of WOF test is completely
reproducible, and for this reason, the identical notch
introduction works into the specimens are strictly
required.

3-2. Work-of-fractures

At 1260°C, WOFs is not physical properties but are
heavily dependent on D-rate. Figure 6 shows L-D
curves at D-rates of 0.1, 0.01, 0.001 and 0.00lmm/min at
1260°C. Figure 7 illustrates the dependences of effec-
tive fracture energy, 7. and fracture toughness, K,
on D-rate at 1260°C. The 7. and K. of Fig.7 are
defined as follows:

Yer = Wwor/2A L (1)
and
Kic = QE"v"2 )

where Wyr is the energy under L-D curve, and A is
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Fig. 6. L-D diagrams of WOF tests at 1260°C. 3
specimens were tested for each diagram.

the area of ligament portion. E’ is the elasticity for
plane strain condition defined as E’ =E/(1-v?), where v is
the Poisson’s ratio. In the materials showing changing
fracture resistance with crack extension, Eq. (2) yields
the average value. Although the value of K¢ is corre-
lated with v, through E’, K. dissipated its physical
meaning at these temperatures, and was significant only
in relative comparison as a substitute for ..

The L-D curves of WOF tests and effective fracture
energies were almost identical at 0.1 and 0.0lmm/min,
but as the rate was lowered below 0.01lmm/min, effective
fracture energy was increased with inflation of L-D
curves. It reached the maximum value around 0.001mm-
/min, which was almost triple of those above 0.01mm-
/min.  Then, the effective fracture energy began to
decrease and resumed to show a less dependence on D-
rate around 0.0002mm/min.

As stated above, bridging or pulling out of grains are
considered to be the primary factor for increasing
fracture resistance of silicon nitride at high tempera-
tures. The strong dependence of effective fracture
energy on D-rate suggests the friction produced in
pulling out of grains, which is affected by strain rate
due to visco-elastic characteristics of glassy phase,
makes great contribution into the change of effective
fracture energy. The bridging effect of grains, par-
ticularly elongated ones, in the wake region following
the crack tip is supposed to be a predominant factor for
increase of effective fracture energy at 0.00lmm/min.

The change of effective fracture energy with D-rate
may be explained as follows. In high rate region, or in
quick stress application, the fracture occurs in brittle
manner as seen from changes in both S-D curves and
fractographies of tensile tests for similar silicon nitride
at 1260°C,*» leading to low effective fracture energy.
In this region, pulling out of grains is hard to be
produced because the interfacial shear stress at the
grain boundary is excessively high. As the D-rate is
lowered, however, this stress is reduced to such a
degree that the grains can be pulled out. In the range
where the pulling out is possible, the higher shear
stress yields larger fracture resistance, and hence
effective fracture energy is decreased with the further
decrease of D-rate.

Fracture resistance, Kg, at a certain point of the L-
D curve in a WOF test can be calculated as follows:
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Fig. 7. D-rate dependences of effective fracture energy
and fracture toughness at 1260°C.

Ky = (E’/2 dx/dA)2 P

where x is the compliance, A is the crack area, and P
is the load. In CNB test fracture toughness is usually
calculated from the maximum value of P as (E’'/2
dx/dA)Y2 must take the minimum under the condition
that K is constant irrespective of crack length (flat R-
curve behavior). The fracture toughnesses calculated
from the maximum loads of 0.01 and 0.00lmm/min in
Fig.6 are 4.6 and 5.4MPam!/2, respectively. This dif-
ference is much smaller than that between “average”
values calculated using Eq. (2) as shown in Fig.7, sug-
gesting that increase of resistance with further exten-
sion of crack at 0.001mm/min.

3-3. R-curve Behavior and its D-rate Dependence

By use of Eq. (3), the variations of fracture resis-
tance, Kg, against crack growth, namely R-curve be-
haviors, were obtained. The results in WOF tests at
1260°C are shown in Fig.8. Although WOF tests at 900°
and 1020°C resulted in flat R-curve behaviors which
were similar to behaviors reported for silicon nitride by
some researchers,®*) rising R-curve behaviors were
observed at 1260°C; particularly at 0.00lmm/min, Ky
grew almost double at 1260°C. Similarly to the varia-
tion of effective fracture energy with D-rate, R-curve
showed the most intensive rising behavior around
0.001mm/min.

Some toughening mechanisms are present for explain-
ing rising R-curve behaviors for non-transformed
ceramics; residual strain effects in process zone wake,
grain bridging or grain interlocking effects, etc. Theo-
retical consideration indicated that R-curve showed
steep increase of resistance in the beginning stage of
crack extension, followed by  “toughness plateau”
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corresponding to the stationary configuration of the
advancing crack in a steady state® However, the
experimentally obtained R-curve behavior is seriously
affected not only by intrinsic material characteristics
like grain size, etc., but also by experimental conditions
such as depth of notch, specimen size, etc. and deter-
mination method of fracture resistance.#67)  In
addition, crack branching and secondary crack formation
make the definition of crack length ambiguous.”? The
R-curve behaviors shown here involved not only the
above uncertainties but also the unsteadiness of CNB
test that crack width is varied with crack extension.
Nevertheless, they are expedient because the bridging
stress at crack interface can be estimated from the
increment of fracture resistance, by assuming ap-
propriate stress distribution as shown in the following
section.

3-4. Bridging Stress Distribution in Grain Bridging Zone

The bridging stress (or traction) at the crack inter-
face in the grain bridging zone can be estimated from
R-curves. The stress value can be simply defined when
uniform bridging stress distribution in grain bridging
zone is presumed as follows (Fig.9, A):

a(X) = g,

a(X) =0

where 0 is the applied uniform stress, X is the distance
behind the crack tip, a-x, and X; is the bridging zone
length. However, the uniform stress distribution is not
likely to be produced, because this assumption needs
singularities at X = 0 and X,. The most probable stress
distribution is described in Fig.9, B; it increases from
0(0)=0, reaches the maximum, and decreases tailing off
to 0.19%) In this study a cubic function was assumed
to model this distribution as follows.

Fig. 9. Schematic of bridging stress distribution at
crack interface. a and a, are the crack lengths
of extended and initial cracks, respectively.

0(X) =0, X + 0, X2 +0, X3
oX)=0

where 0y, 0,, and o5 are coefficients. The continuity of
function gives

0, X+ 0, X§+0; X3 =0

The increment of resistance value, AKg, for the crack
length, a, is expressed by 3

BKg = 2(a/m)"/*(1/b(a)) J-a [o(a-x)b(x)/(a*-x?)!/2]dx

where b(x) = B(x-a;)(W-a,). By selecting gy, or 0, 0,,
and o4 so that R-curve from Eq. (7) best fits with the
experimentally obtained one, bridging stress distribution
in bridging zone can be determined.

Figure 10 shows the bridging stress distributions
obtained using Egs. (5) and (6) for the case of 0.001lmm-
/min at 1260°C, and Fig.11 shows R-curves calculated by
assuming the stress distributions of Fig.10 in comparison
with the real R-curve. It is known that Eq. (6) owns a
great superiority to Eq. (5) in expressing a real bridging
stress distribution. The estimated bridging stresses, 0,
and 0,,,, are shown in comparison with tensile strength
at 1260°C in the following section, but rather only
qualitative discussion should be permitted because the
used R-curves themselves include some uncertainties,
and o,,, in Eq. (6) is largely changed by slight varia-
tion in the assumed shape of stress distribution. It
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seems possible, however, to think that actual bridging
stress lies around them.

The crack opening displacement at the end of bridg-
ing zone can be determined for the uniform bridging
zone as follows.*”

u = (80y Xo/TE’) + (8 0 Ky XY/?/E’ (27)!/2)
....... ®)

where u is the total crack opening displacement, and K,

Fig. 11. R-curve measured and calculated by assuming
the stress distributions of Fig.10.

is the toughness at the crack tip. The calculation for
0, of Fig.10 resulted in u = 4um. As the length of
elongated grain of hot-pressed silicon nitride is ranging
from 5 to 10um,® this displacement value seems plaus-
ible considering a bonding portion length between grain
and matrix.

3-5. S-D Diagrams in Tensile Tests

The above described grain bridging toughening
mechanisms should have close relationship with the
stress-strain curve, because pulling out of grains are
caused by softening of glassy phase, which brings a
non-elastic stress-strain relationship.  The results of
tensile tests at 1260°C are shown in Fig.12, where the
displacement was a real elongation of gauge section of
tensile test specimen measured by electro-optical exten-
someter. As compared with the results of the similar
tests in atmosphere, vacuum the general behavior was
almost the same’? It is known that in some cases
oxidation treatment decreases volume fraction of glassy
phase and improves high temperature strength3” In
this study, however, almost no effect of oxidation was
observed even for the case of 27 hours exposure at
1260°C.

While the test at 0.lmm/min yielded almost linear S-
D curve up to fracture strength (g;), those at 0.05mm-
/min and lower rates produced stress peaks (o,) after
deviating from linearity, and final strength (o;) at the
rates from 0.005 to 0.000Smm/min showed the conver-
gence. Fractographic study revealed that fractures at
0.02mm/min and lower rates exhibited “rough wake
region,” which was recognized as an evidence of “en-
hanced SCG” by several researchers,'24) while those
at 0.lmm/min and higher left no such a region, as
shown in Fig.13. This means the appearance of stress
drop in S-D diagrams indicates an initiation of SCG.

Figure 14 shows the dependence of tensile strengths
(0;, 05, and op) and bridging stresses (o, and Opmax) O
D-rate. The bridging stress is raised with decreasing
D-rate down to 0.00lmm/min at which the pulling out
works of grains are most activated. The bridging stress
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Fig. 13. Optical images of fracture surfaces tested at
(@) 0.1 and (b) 0.01mm/min. Arrows indicate
“enhanced” SCG wake.

is maximized at 0.00lmm/min, like effective fracture
energy. It is known that the appearance of SCG wake
region in fracture surface of silicon nitride accompanies
the steep rise of fracture toughness.t*1519  Thus, it
can be supposed that the maxima of bridging stress and
effective fracture energy at 0.00lmm/min are cor-
responding to tensile strength at 0.05 - 0.0lmm/min of
Fig.12. In Fig.14, the maxima of bridging stresses were
made to coincide with tensile strength at 0.02mm/min.
Note the D-rate dependences of bridging stress and
tensile strength in the rate range below them; they both
similarly decrease with decreasing D-rate, and then
enter the region of less dependence on rate.

The plastic behavior (yielding phenomena) observed
in tensile tests at some low D-rates as shown in Fig.12
is attributed to slow crack propagation accelerated by
spread cavities. This crack growth is accompanied by
pulling out works of grains, which should be a primary
factor for increasing fracture resistance and make a
great contribution for bearing applied stress while crack
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Fig. 14. D-rate dependences of bridging stresses and
tensile strengths.

propagates. As the uniform stress is applied in a
tensile test, the cracks are produced everywhere
throughout a gauge part of specimen. This crack is
supposed to be slowly propagated up to the length of
about 10pm and then be arrested by grains elongated in
the stress direction, because 10um is the average inter-
val of elongated grains.® 1In the process that this
medium-sized crack grows to macrocrack by connecting
each other, pulling out of elongated grains should be
generated. Thus, the bridging of grains at the interface
of this slowly growing crack is assumed to be the same
in its mechanism as that in CNB test. As a matter of
fact, the comparison in Fig.14 revealed that the bridging
stress estimated from R-curve behaviors in WOF tests
corresponded to a fairly large part of the tensile
strength.

4. Conclusions

Chevron notch bend test of hot-pressed silicon
nitride at high temperatures above 1000°C demonstrated
that the characteristics concerning fracture resistance
were largely dependent on D-rate; at a certain D-rate
(0.00lmm/min in this study) effective fracture energy
took the maximum value and R-curve showed the
strongest rising behavior. It was assumed that an
increase in fracture resistance and a strong R-curve
behavior were attributed to the activated pulling out
works of grains, which were heavily affected by a rate-
sensitive grain boundary shear stress. The bridging
stress at crack interface, which was estimated from the
increment of fracture resistance with crack extension,
exhibited the D-rate dependence very similar to that of
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effective fracture energy. The maximum bridging stress
was supposed corresponding to a tensile strength show-
ing stress drop in its S-D curve, from the appearance of
the SCG wake region. In D-rate range below the rates
giving this correspondence, tensile strength and bridging
stress presented the similar D-rate dependence. The
bridging stress corresponded to a fairly large part of
the tensile strength, and it was implied that, in high
temperature tensile test, the bridging of silicon nitride
elongated grains should make a great contribution for
bearing an applied tensile stress during slow crack
growth.
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The densification of SiC-B-C composites doped with TiC,
ZrC, HfC, VC, NbC, TaC or WC were investigated by
pressureless sintering. Densities over 90% TD (theoreti-
cal density) were achieved by addition of TaC by sinter-
ing at a relatively higher temperature. TaC particles
suppressed the grain boundary movement. Addition of
10mol% TaC doubled the toughness of composites under
the same sintering conditions. Exposed TaC particles
were oxidized severely at 1500°C in air, and formed
Ta, 04 polymorphisms.
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1. Introduction

The SiC-B-C ceramic system is interesting in regard
to its excellent strength and heat resistivity at high
temperature, around 1500°C. However, its low tough-
ness around 3MPa/m has been the largest drawback
against structural application to heat engines. There-
fore, many toughening methods have been proposed.!
Many composites with fibers, whiskers or particles have
been studied in recent years>® Initially, the TiC
particulate dispersed SiC-Al-C ceramic system was
studied by hot-pressing in order to achieve sufficient
densification for evaluating worthwhile mechanical
properties. Toughening and strengthening were con-
firmed, and their mechanisms were considered to be the
result of crack deflection, originating from the larger
thermal expansion coefficient of TiC particles compared
with that of the SiC matrix.3¥ However, pressureless
sintering is more preferable than hot-pressing for the
structural application of these ceramics. It is expected,
moreover, that SiC-B-C systems can be toughened
without degradation of their excellent high temperature
properties.

This study was made to determine some other par-
ticulate materials which wouldn’t disturb SiC-B-C matrix
densification. ~ Seven different heat resistive metallic
carbide powders (TiC, ZrC, HfC, VC, NbC, TaC, WC)
were selected as candidates for the dispersed particles,
based on the following considerations. The stability of
the dispersed particles in the SiC-B-C matrix at sinter-
ing temperature, around 2000°C, should be important for
avoiding unexpected reactions that would disturb SiC-B-
C matrix densification. The above metallic carbides
have relatively low formation free energies to SiC and
very high melting temperatures, around 3000°C.

In this study, densities over 90%TD (theoretical
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Table 1. Raw powder properties.

Mate- Densi- Molar Melt. F.F.E. T.E.C. Young's |M.P.S. Oxygen Mfr.
rial ty Vol.  Point Modulus Imp.

g/cc  cc/mol € Ki/mol ppn/C  GPa pm wt%
TiC  4.910 12.5 3,067 -151.4 8.56 470 1.45 0.13 JNM
ZrC  6.633 16.0 3,427 -178.7 7.0 550 1.09 0.81 JNM
HEC 12.657 15.6 3,830 -203.6 7.0 750 3.05 0.01 HCS
VC 5.81 10.8 2,800 6.7 420 1.59 0.40 JNM
NbC  7.801 13.4 3,608 -134.4 7.25 540 1.10 0.39 JNM
TaC  14.497 13.3 3,825 -145.3 6.96 720 2.69 0.13 JNM
WC 15.668 12.6 2,785 - 67.0 5.5 700 0.61 0.17 JNM
SiC  3.217 12.5 subl. - 35.4 4.7 386 0.62 1.28 LNZ
ByC 2.52 22.0 2,450 - 27.3 5.2 450 0.03 CLY

Reffrred from "JANAF Thermochemical Tables,"D.R.Stull, et al.,(1971),
and "Oco6o TyronmaBkue 3neMeHBH M coenuHeHus."
P.B. KotexbHukos, et al., Mocksa, (1969)
E. : Formation free Energy at 2300 K
C. : Thermal Expansion Coefficient from RT to 2000 K
S. : Mean Particle Size
: Japan New Metal Co. HCS
: Lonza Co. CLY

: Herman C. Starck Co.
: Callery Co.

density) were achieved by addition of TaC. Then, the
other properties were evaluated.

2. Experimental

Table 1 shows the material properties of the related
metallic carbides and the characteristics of the starting
raw powders which were used in this study. B and C
aid sources for sintering were amorphous-B powder
produced by Herman C. Starck and phenol resin powder
furnished by Dainippon Ink & Chemicals Co., respective-
ly.

The amount of B aid addition was fixed to 0.7 atm%
for the main composition (SiC-metallic carbide), and the
amount of C aid addition was fixed to 2.25 times the
oxygen impurity amount in weight in the main composi-
tion.”  The metallic carbide contents in the main
compositions were selected up to 20mol% for the com-
position dependence of properties.

A slurry was formed for the mixed SiC, boron and
metallic carbide powder with an acetone solution of
phenol resin and di-ethylene glycol (binder). It was
blended in a pot-mill for 3 days. The slurry was dried,
granulated and pressed into 33x43x7mm shape. The
binder was decreased and the resin was carbonized at
800°C in nitrogen. Sintering was carried out in a
carbon heater vacuum furnace for 2 hours at 1950-
2200°C. The sintered bodies were cut and polished to
3x4x33mm shapes, the standard size in JIS R1601.

The sintered body densities were obtained either by
liquid displacement or size measurement. The standard
X-ray diffraction technique using Ni-filtered CuKa
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Fig. 1.  SiC-metallic carbide composite densifications in

vacuum-sintering at 1950°C.

radiation was used to determine the crystalline phases
present in the sintered bodies. Reflected light micros-
copy (RLM) and scanning electron microscopy (SEM)
were used to observe the polished, fractured and heat-
treated surfaces. The fracture toughness and strength
were measured only for the TaC-SiC-B-C composites,
since only they were sufficiently densified over 93% of
the theoretical density which was estimated from the
composition by using the densities of SiC and individual
metallic carbides in Table 1.

Toughness K and hardness Hy, were evaluated from
more than 10 Vickers indent (P=5kg; 15 sec.) measure-
ments. The following equations were used for calculat-
ing®

Kic = 0.0421a08E%4P06 / C15:C /a > 2.5

Hy = 0.01873P / 4a?

where “a” is the length of the half diagonal of the
indent, “C” is the radius of the median crack, and “E”
is the Young’s modulus for each sample.

The Young’s modulus depends on the composition and
density in general. In this study, however, the Young’s
modulus for each dense composite was approximated by
a constant (E=410GPa), the usual value that could be
obtained in dense single phase SiC ceramics, from the
following speculation. The Young’s modulus for a
sandwiched layer type composite should be estimated by
the geometrical and algebraic means of individual layer
values, respectively, for the normal and parallel direc-
tions to the layer.”» It was considered that the first
approximation of the Young’s modulus for a particulate
dispersed type composite could be estimated by the
mean of the above two estimated values. The highest
Young’s modulus in Table 1 is 700 - 7S0GPa for HfC,
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Fig. 2. TaC-SiC-B-C and SiC-HfC-B-C composite

densifications in vacuum-sintering at 2050°C.

TaC and WC. An estimation example for the 80mol%SiC
- 20mol%TaC particulate composite showed an about 15%
larger value compared to non-dispersed SiC. This 15%
increase in the Young’s modulus deviates the calculated
toughness K¢ in Eq. 1 only about +6%. This deviation
is negligibly small compared with the dispersion of
Vickers indentation micro-fracture measurements.

3. Results and Discussion

3-1. Densification Behavior

Figure 1 shows the effect of each added metallic
carbide quantity after 1950°C sintering. The density
was normalized by the theoretical density. Every
metallic carbide more or less disturbed the densification
of each mixture. However, 5 - 20mol% TaC or HfC
addition respectively provided a higher density than the
addition of other carbides with a IVa or a Va element
in the periodic table.

Figure 2 shows the results of 2050°C sintering for
TaC or HfC dispersed composites, with and without a B
aid. The densification degradation became significant
around 5/8 mol% addition of each metallic carbide,
which corresponds closely to the B aid atomic quantity
(0.7 atm%). The density became slightly higher with
increasing TaC quantity from 5/4 mol%, in spite of the
fact that densification did not occur in the TaC-SiC-C
composition without a B aid.

The peaks for each metallic boride were detected in
the X-ray diffraction patterns for every sintered body.
Table 2 shows the relative peak strengths among SiC,
TaC and TaB,. It seems clear that most of the TaC
reacted with the B aid (0.7 atm%) to form TaB, at 5/8
mol% TaC addition. The formed TaB, quantity increased
little with more TaC addition and must be less than 0.35

13
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Fig. 3.  Polished sintered body surfaces in TaC-SiC-B-C system, sintered at about 2200°C.
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Variations in density, hardness and toughness
with dispersed quantity in TaC-SiC-B-C system,
sintered at about 2200°C.

Table 2. Relative diffraction peak heights among SiC,
TaC and TaB,.

TaC (200)TaC (101)TaBa (200)TaC
Content (104)6H-SiC (104)6H-SiC (101)TaB,
5/8 mol% 0.03 1.0 0.03
5/4 mol% 0.81 1.1 0.71
5/2 mol% 2.6 1.3 1.9

5 mol% 5.8 0.98 5.9
10 mol% 14. 0.93 15,

20 mol% 25. 0.61 41,

mol% with regard to the main composition TaC-SiC. It
is considered that the B aid should become stabilized by
forming metallic borides and lose its aid effect for the
SiC matrix, even in a low carbon pressure (0.015Pa) at
around 2300K sintering. Therefore, the densification of
a SiC-B-C system with a metallic carbide deteriorated
when sintered.

Figure 3 shows micrographs of polished surfaces near
the Vickers indent on a sintered TaC-SiC-B-C system.
The dispersed bright grains are TaC crystals, and the
dispersed dark spots are closed pores, which increased
for a relatively low density body. Pores and TaC
crystals seem to be distributed independently without
any affinity. The TaC crystals have sharp edged
shapes, similar to the raw starting powder. This is an
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c) Non-TaC dispersed (98.7%TD)

Fig. 5.

evidence of TaC stability in a SiC matrix. Each
median/radial crack is seen to propagate almost straight
from the indent edge, and then the crack deflection by
the TaC particles is not so clear.

3-2. Mechanical Properties

Figure 4 shows the variations in density, toughness
and hardness for the TaC-SiC-B-C system, sintered at
around 2200°C. The minimum density among these four
compositions was 93.7%TD at 5mol%TaC dispersion. The
hardness was approximately 25GPa. This seems to be
constant in the range between non-dispersed SiC and
the 20mol%TaC dispersed composite. On the other hand,
the toughness increased with TaC addition, the degree
of increase becoming especially large between 0mol% and
the Smol%TaC addition.

Figures 5-a to d show the fracture surfaces for the
individual composites. Abnormal exaggerated SiC grain
growth appeared and the fracture surface was flat on a
micro scale in the case of no TaC addition in Figs. 5-a
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SEM photographs of fracture surfaces in TaC-SiC-B-C system,
sintered at about 2200°C.

and c¢. On the contrary, there were no such exag-
gerated grain growth in bodies where TaC was added,
and the fracture surfaces were rough on the micro
scale, as shown in Figs. 5-b and d. The dispersed TaC
grains could be discriminated from the SiC matrix grains
by the brightness and shape differences, as shown in
Fig. 5-d. The surface of the fractured TaC grain was
similar to a polyhedron and somewhat projected forward.

Dispersed TaC particles should suppress grain growth
by pinning grain boundary movement. This microstruc-
ture variation is assumed to be the origin for the rapid
toughness increase when TaC is added from O0mol% to
Smol%. The slight toughness increase with the TaC
amount from Smol% to 20mol% is considered to be
promoted by crack deflection around the dispersed TaC
particles by localized stress originating from the dif-
ference in the thermal expansion coefficients between
the SiC matrix and the dispersed particulate TaC.

The mechanical strengths of for these composites
were about 450MPa, for from 0mol% to 20mol%TaC
additions. These values are relatively low and no
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c) 5mol% TaC dispersed (93.7%TD) RLM

e) 10mol% TaC dispersed (95.1%TD) RLM
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Fig. 7. SEM and RLM photographs of oxidized surfaces in TaC-SiC-B-C system.
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TaC-SiC-B-C system.

promotion with TaC dispersion could be recognized,
contrary to the following Griffith’s relation.

of = Ke/(YJT) s ©)

where “Y” is the geometrical factor for the maximum
defect size “C” within the effective volume of test bar.

It is considered that, because of the large porosity
(5-20mol% TaC) or abnormal grain growth (Omol% TaC)
in the present experiments, large defects that initiated
fracture crack development were not sufficiently sup-
pressed for strengthening with toughening to be ob-
served.

3-3. High Temperature Oxidation Resistance

Color change was negligible in the non-dispersed
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Fig. 8. SEM photographs of fractured surface edges in

oxidized TaC-SiC-B-C system.

sample after the approximately 100 hour heat treatment
at 1500°C in static air. However, in TaC dispersed
samples, the color changed from black to gray and the
size of each sample bar increased a little due to some-
thing depositing. Figure 6 shows the deposition thick-
ness increase with time lapse and dispersed TaC quan-
tity.

Figures 7-a to f show the SEM and RLM micro-
graphs of individual oxidized surfaces. There appeared
many small and large spots agglomerated or isolated on
the TaC dispersed surfaces. They were contrarily bright
and dark for SEM and RLM, respectively.

Figures 8-a and b show micrographs for the in-
dividual fractured surface edges after oxidation. As
usual, there appeared only a thin silica film layer on
the oxidized surface (Fig. 8-a), when TaC particles were
not dispersed. On the other hand, there were much
unknown deposits on the oxidized surface for the dis-
persed TaC case. The grains of the unknown deposits
on the oxidized surface for the dispersed TaC case.
The grains of the unknown deposits seem to be a mix-
ture of particles, whiskers, and disks etc., from Fig. 7-
d. As shown in Fig. 8-b, an unknown deposit was
projecting into the SiC matrix body here and fhere. As
a result, the SiC surface must have been attacked
severely during the oxidation and become rough.
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Fig. 9. X-ray diffraction pattern for heat treated

TaC-SiC-B-C body at 1500°C - 100H.

Figure 9 shows an X-ray diffraction pattern example
for the oxidized body surface with dispersed TaC.
There appeared not only the peaks for SiC, TaC, TaB,
and SiO, but also many unknown peaks. The relative
height of the above unknown peaks varied with both the
dispersed TaC quantity and the 1500°C oxidation time
lapse. Most of these peaks corresponded to T3,0;
polymorphism (ASTM 25-922, 27-1447 and etc.).

From the above consideration, the TaC-SiC-B-C
bodies seem to be oxidized initially from the point of
exposed TaC grains on the surface, and that TaC is
transformed to Ta,O5 with about 75% volume expansion.
Then, these Ta,O5 polymorphisms spread like islands on
the surface and the roots of the islands seem to
penetrate into the SiC matrix body.

Moreover, the 20mol% TaC dispersed sample divided
into several pieces by crack formation along the rectan-
gular edges. This phenomenon is considered to be due
to the volume expansion of the dispersed particles in
the oxidation process.

4. Conclusion

The densification and other properties of seven
different metallic carbide added SiC composites with B-C
aids were investigated by pressureless sintering. All the
metallic compound particles disturbed the densification
of the SiC-B-C matrix more or less through the stabili-
zation of the B aid by metallic boride formation.

17



Vol.98 258

However, it appeared that densification over 93%TD
could be achieved in the SiC-TaC-B-C composite system
by a somewhat high sintering temperature. In addition,
the dispersed TaC particles suppressed the exaggerated
grain growth of the SiC matrix phase. Toughness
increased with an increased quantity of dispersed TaC.
An about two times greater toughness was achieved with
a90mol%SiC - 10mol%TaC-B-C composition than that for
non-dispersed SiC in the same sintering batch. The
exposed TaC particles on the body surface were oxidized
severely in 1500°C static air to form Ta,O5 polymor-
phisms with volume expansion.
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Dynamic Fatigue Behavior of Ceramics
at Elevated Temperatures
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The dynamic fatigue tests of nine structural ceramics
were carried out at temperatures ranging from 800°C to
1500°C in vacuum. The same tests in air were conducted
for two ceramics. In ceramics which has a glassy phase
in grain boundaries, cracks propagate through grain
boundaries due to softening of the glassy phase. A
fatigue parameter of ceramics at elevated temperatures
is degraded when MgO is used as a sintering additive.
In reaction sintered Si;N, and HP-SiC with B and C
additives, a subcritical crack growth is not observed but
the bending strength of HP-SiC is degraded due to the
generation of pores by surface oxidation. It seems that
life-time of HP-Si;N, under the static load is predic-
table from its dynamic fatigue behavior.
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1. Introduction

Ceramics have excellent mechanical properties at,

high temperatures and are attracting interest as high-
temperature structural materials. However, many charac-
teristics of their strength properties are still unclear,
and the establishment of design criteria for ceramics
requires the systematic collection of strength data to
clarify the fracture mechanism. In particular, it is
essential in order to estimate the life of ceramic parts
to be able to elucidate the generation of defects and
their growth mechanism. In the previous report,) the
authors carried out dynamic fatigue tests at room
temperature of 10 types of structural ceramics to study
the mechanism of crack development at room tempera-
ture. This paper reports high-temperature dynamic
fatigue tests as adopted in the previous report con-
ducted on nine ceramic materials to investigate their
crack propagation mechanisms at elevated temperatures.
The study also included the effects of surface oxidation
of samples on the results of dynamic fatigue tests. In
addition, a comparison was made between the lifetimes
of samples under constant load predicted from dynamic
fatigue properties and the results of static fatigue tests.

2. Experimental Method

2-1. Preparation of Samples

Ceramics samples were the same as those used in the

previous report!: five silicon nitride ceramics (N1-NS;
common denotation) and four silicon carbide ceramics
(C1-C4). N1 and C1 are reaction-sintered bodies, N2
through N4 and C2 and C3 are normal-pressure sintered
bodies, and N5 and C4 are hot-pressed materials.
Various sintering aids were used: MgO, CeO,, SrO, ZrO,
for N2, MgO and AlL,O, for N3, AL,O; and Y,O, for N4
and NS, Al,O, for C2 and C3, and B and C for C4. The
chemical analyses and densities of the samples are
shown in the previous report.)) Specimens were prepared
from a single sintered plate of each material. Silicon
nitride was ground with a #400 diamond wheel and
silicon carbide with a #600 diamond wheel parallel to
the longitudinal direction of the specimens, followed by
chamfering with a #800 diamond disc. The final shape
was 38mm long, 4mm wide and 3mm thick.

2-2, Tests in a Vacuum

Generally, a dynamic fatigue test is a method to
measure the stress corrosion property of glass materials.
If the following relationship is established between the
crack propagation rate of a material V and the stress
intensity factor K| at the tip of a crack:

V=A.K"(A:constant) ..., (1)

the method can be adopted to evaluate the fatigue
parameter n. According to earlier work2¥ the K-V
relationship of silicon nitride ceramics at high tempera-
tures is usually described by Eq. (1) with a crack pro-
pagation rate of 10°m/sec or less, so that the dynamic
fatigue test is considered suitable for estimating the
high-temperature fatigue parameter of ceramics.

The tests in this program were carried out in a
vacuum of 10" Torr at 800° - 1500°C. At least two test
temperatures were used for each sample, the tempera-
ture where the bending strength started to fall and the
temperature 200°C higher. However, in the case of
materials whose bending strength does not decrease at
elevated temperatures, the maximum temperature was
1500°C. The specimens, together with the whole system
including the molybdenum bending fixture, and upper
and lower rods, were heated uniformly by a tungsten
heater. The inside of the furnace was evacuated to less
than 10* Torr, heated to the testing temperature in
about 10 minutes, and maintained there for 10 minutes
without load to ensure uniform heating.

Dynamic fatigue tests were performed by measuring
the 3-point bending strength of the specimens with an
outside span of 30mm and at crosshead speeds of 5, 0.5,
0.05, 0.005, and 0.0005mm/min. The three specimens were
used for each’crosshead speed. The fatigue parameter n
was determined by first obtaining the stress rate ¢ and
rupture stress o; from the time-load curve, and then
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Fig. 1. Results of dynamic fatigue tests in vacuum.

making a linear approximation by the method of least
squares on the log-log coordinates, and calculating n by
the following equation:

0; = ¢ « 6{/n+1) (¢; constant)

In this case, the assumptions required to establish
equation (2) were that the stress rate is constant over
the entire loading period and the crack shape factor
does not change with crack growth, so that specimens
failing largely out of the elastic deformation range were
excluded along with those showing crack growth too
great to have a constant shape factor. The standards of
judgement were: a specimen did not show deformation
visually after testing; and a change in the loading rate
in the load-time curve was less than 20% against the
linear part. Additionally, the limits of crack growth
assumed the defect form was semicircular, the change in
the shape factor at the tip of the crack on the surface
of a specimen is about 10% or less, and the depth was
not greater than about 1mm.

20

2-3. Tests in Air

Samples N5 and C4 were subjected to dynamic fa-
tigue tests in air in addition to the vacuum tests above.
The tests in air used a SiC 3-point bending fixture and
upper and lower rods as well as a molybdenum bisilicate
heater. The heating rate was 30°C/min., and before
testing, specimens were held at the specified tempera-
ture for 10 minutes without load to ensure uniform
heating.

3. Results and Discussion

3-1. Dynamic Fatigue Properties in a Vacuum

Figure 1(A)-(I) shows the results of dynamic fatigue
tests in a vacuum. The fracture stress and fatigue
parameters of samples N2 through N5 and C2 and C3
dropped sharply with an increase in testing temperature.
These materials contained sintering agent oxides such as
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(A) 1mm

Fig. 2. Fracture surfaces of N2 specimens failed by dynamic fatigue test
with crosshead speed (A)5mm/min and (B) 0.0005mm/min at 1000°C in

vacuum.

Fig. 3. SEM photographs of (A) slow crack growth region and (B) rapid
fracture region on fracture surface of N2 specimen (Fig. 2(B))

Al,O; and MgO, and the presence of a glassy phase in
the grain boundary was confirmed in some samples (N2,
NS, C2). Since this glass phase begins to soften at
about 1000°C,® the crack growth of these samples at
high temperatures is considered to be caused by a
decrease in the strength of the intergranular glass
phase. Figure 2 is the optical micrographs of an N2
samples showing a substantial decrease in strength and
fatigue parameter: (A) the fracture surface of a speci-
men fractured at 1000°C with a crosshead speed of
Smm/min; (B) the fracture surface of a specimen that
fractured at 1000°C with a crosshead speed of 0.005Smm-
/min. Almost no crack growth was observed in specimen
(A) fractured at a high stress rate, whereas a trace of
substantial crack growth was found in (B) fracturing at
a low stress rate. Moreover, Figs. 3(A) and (B) show

SEM photos of the slow crack growth region and fast
fracture region of Fig. 2(B) respectively; in the latter
some intragranular fracture was detected while in the
former intergranular fracture was predominant.
Furthermore, the state of the fractured surfaces of
specimens failing at a high crosshead speed was almost
the same as that of the fast fracture region (Fig. 3(B))
of specimens failing at a low crosshead speed, and some
intragranular fracture was recognized. These observa-
tions of the fracture surfaces suggest that the resis-
tance to crack propagation in the grain boundary is
affected by the crack propagation rate. That is, in the
slow crack growth region the resistance to an inter-
granular crack is low and it proceeds along the grain
boundary, while in the fast fracture region an inter-
granular crack cannot respond to crack development,
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Fig. 4. Temperature dependence of fatigue parameter.

thus increasing the resistance to the crack. As a result,
intragranular cracking seems to have occurred in com-
paratively weak grains. Hence, from the above results,
the crack growth at high temperatures of ceramics with
glassy phases in the grain boundaries is mainly due to
intergranular cracking promoted a decrease in the
viscosity of the glassy phases.

As in Fig. 4, the samples employed here can be
classified into two groups. The temperature dependence
of the fatigue parameters of N4 and NS containing
AlLO; and Y,0O, sintering aids was almost the same as
that of C2 and C3 with Al,O,, while the fatigue para-
meters of N2 and N3 with MgO started to decrease at a
lower temperature than those of Al,Oj-containing
ceramics and the absolute values were lower as well.
This is probably because the glassy phases of N2 and N3
contained Mg and started to soften at lower tempera-
tures than those of other ceramics without Mg.

In the case of the results of dynamic fatigue tests
for reaction-sintered bodies (N1, C1) and ceramics using
nonoxides as sintering agents (C4), no decrease in the
strength of N1 and C4 occurred even at elevated tem-
peratures and by prolonged loading. The oxygen contents
of these samples are relatively low (1 - 2wt%), and no
secondary layer such as a glassy phase appears to be
present in the grain boundaries, or if present, is an
amorphous substance with high-temperature strength.®
Moreover, observation of the fracture surfaces of N1
and C4 specimens by an optical microscope did not
detect any trace of crack growth as in Fig. 2(B). Con-
sequently, in these samples, crack growth by inter-
granular cracking did not occur as in the case of
ceramics with glass phases in their grain boundaries,
thus maintaining the strength even under a low stress
rate.

The sample C1, as well as sample N1, is a reaction-
sintered body and has a low oxygen content (about
1.6wt%); yet the bending strength decreased with in-
creasing temperature and some crack growth was
noticed at 1200°C. This is considered to be because a
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Fig. 5. Results of dynamic fatigue tests in air.

substantial amount of metallic Si remained in this
sample (about 10wt%) and acted as the secondary phase
in the grain boundary. In fact, Si softens considerably
at 1200°C and crack growth by intergranular cracking
lowers the strength in the region of low stress rate.
However, at 1400°C, Si completely melts and the parts
where Si is present act only as defects, so that the
strength decreases greatly although no crack growth is
detected by prolonged loading.

3-2. Dynamic Fatigue Properties in Air

Figures 5(A) and (B) show the results of dynamic
fatigue tests at high temperatures in air with N5 and C4
respectively. When the results of N5 are compared with
those in a vacuum (Fig. 1(E)), their values of strength
and fatigue parameters are in good agreement up to
1200°C. Consequently, the crack growth in air of this
sample is also considered to be basically due to inter-
granular cracking caused by the decreased viscosity of
the glassy phase in the grain boundary. However, there
were great variations under different conditions at
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Original specimen

After the heat treatment

1500°C, 20hours
In air

Fig. 6. Change of surface of C4 specimen by heat treatment.

Fig. 7. Surfaces of C4 specimens failed by dynamic fatigue test with cros-
shead speed (A) 5mm/min and (B) 0.0005mm/min at 1500°C in air.

1300°C or higher. In the experiment at 1300°C in a
vacuum, testing with a low stress rate (crosshead speed:
less than 0.005Smm/min) was hampered by the deforma-
tion of specimens and could not be carried out at
1400°C where the specimens started to decomposed,
while in the test in air they fractured almost in the
elastic region even at 1400°C. This is probably because
testing in air caused the oxidation of sample surfaces
leading to a change in the properties of the inter-
granular glassy phase. The deformation of N5 at high
temperatures is usually considered to be mainly due to
intergranular slipping caused by the decreased viscosity
of the glassy phase coupled with the formation and
growth of cavities at the intergranular triple point.5
However, Wakai et al. reported that when the surface of
hot-pressed silicon nitride is oxidized, impurity ions
such as Mg and Ca inside the glassy phase diffuse to
the oxidized layer on the surface, thus increasing the

viscosity of the internal glassy phase and greatly af-
fecting the creep properties.” The sample NS used here
was the same as that used by Wakai et al. so that the
differences in dynamic fatigue properties measured under
various atmospheres at 1300°C or higher are probably
due to surface oxidation and the accompanying change
in the intergranular glassy phase.

Subsequently, the results for C4 were compared with
those in a vacuum (Fig. 1(1)) finding great differences
in the dynamic fatigue properties. Specifically, the
strength did not decrease in a vacuum even under a low
stress rate, and it was first regarded as a material
which did not undergo crack growth even under pro-
longed loading at high temperatures. However, the
strength decreased somewhat at 1300°C and substantially
at 1500°C in air in the region of low stress rates. The
sample had almost no glassy phase in the grain boun-
dary and is considered not to undergo crack growth by
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Fig. 8. Fracture surfaces of C4 specimens failed by dynamic fatigue test
with crosshead speed (A) 5Smm/min and (B) 0.0005mm/min at 1500°C

in air.
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Fig. 9. Static fatigue behavior and predicted life-time
from dynamic fatigue behavior of N5 at 1200°C.

intergranular cracking even at elevated temperatures.
Hence, a fall in the strength in air after long-period
loading would have resulted from crack growth caused
by other mechanisms or by causes other than crack
growth. Figure 6 shows photos of the change in the
appearance of the specimen C4 exposed to air at
1500°C. A number of white substances appeared on the
surface of the specimen which had become quite rough
after heat treatment. Infrared spectroscopy indicated the
white substances were cristobalite including B-O and B-
Si bonds. In the test for strength at 1500°C with a
crosshead speed of 0.0005mm/min, about 10 hours were
required from the start of loading to fracture, during
which the same change as in Fig. 6 was observed on the
surfaces of the specimens tested in air, while no change
in appearance was seen with those tested in a vacuum.
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Also, in the test at 1500°C in air with high crosshead
speed, the appearance of the specimens remained mostly
unchanged. Figure 7 shows SEM photos of the surfaces
of specimens tested at Smm/min (A) and 0.005mm/min
(B) crosshead speed. The surface of (A) has no oxidation
layer but (B) shows considerable oxidation along with
traces of gas evolution from the inside. Figures 8(A)
and (B) are SEM photographs showing the fractured
surfaces near the surfaces of specimens in Figs. 7(A)
and (B) respectively. The fracture origin of the speci-
men (A) was internal and no change was detected on
the surface, while for (B) the origin was a surface
defect as in Fig. 8(B). Specimen (B) had such voids in
various places. The above results suggest that the
decrease in the strength of C4 by prolonged loading is
due not to crack growth but to defects caused by
surface oxidation. In order to further confirm this, C4
specimens were held at 1500°C in air for 10 hours
without load, and then subjected to a 3-point bending
test at 1500°C in air with a crosshead speed of 0.5mm-
/min. As a result, the strength after oxidation without
loading also became about 200MPa, which almost agreed
with the value at a crosshead speed of 0.005Smm/min as
in Fig. 5(B).

The formation of defects by surface oxidation as well
as the subsequent decrease in strength discussed above
was not encountered in the case of NS. The probable
reason is that the sample NS has a glassy phase in the
grain boundary, which starts to soften over 1000°C, so
that testing at 1500°C causes the specimen to deform
considerably hampering the measurement of strength.
Consequently, this experiment used 1400°C or lower for
the testing temperatures where the surface oxidation of
specimens was mild and the defects formed were small.
Moreover, crack growth was active due to intergranular
cracking promoted by the decreased viscosity of the
glassy phase, so that the surface defects to some degree
did not affect the strength. In contrast, C4 had little
glassy phase in the grain boundary, which allowed
almost no crack growth by intergranular cracking and
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the influence of surface defects caused by oxidation
appeared directly.

3-3. Comparison With Static Fatigue Properties

The life of N5 under a constnat load was estimated
from the dynamic fatigue properties as in Fig. 1(E), and
compared with the measured static fatigue properties.
Figure 9 shows the results of static fatigue tests with
NS at 1200°C reported earlier.®) Since the conditions of
the static fatigue tests (4-point bending; outside span:
50mm; inside span: 30mm; sample cross section: 2mm-
x4mm) were different from those of the dynamic fatigue
tests here, life estimation required adjustment due to
the difference in the initial crack length by the effec-
tive volume effect. In this case, the Weibull modulus of
this material at 1200°C was m=20. The broken line in
Fig. 9 represents static fatigue life estimated from the
dynamic fatigue properties. The measured life values are
mostly distributed along this line, and showed relatively
good agreement taking the deviation of data into ac-
count. The comparison with static fatigue properties is
limited to NS so that hasty conclusions should be
avoided, but the above results suggest that the lifetime
under a static load can be predicted from the dynamic
fatigue properties. This indicates that the dynamic
fatigue properties reflect slow crack propagation proper-
ties adequately under static stress.

The delayed fracture of ceramics at high tempera-
tures is considered to be caused chiefly by the crack
growth of a softened intergranular glassy phase. When
the glassy phase softens to some extent, the viscoelas-
ticity is expected to affect the crack propagation pro-
perties. For example, in cyclic fatigue with relatively
high stress rates as well as in the region with an
extremely high crack propagation rate, there is a pos-
sibility that the resistance against crack propagation
varies. Likewise, dynamic fatigue tests do not assure
constant stress values and its influence was predicted
beforehand. Nevertheless, this test seems to have pre-
vented the stress rate from influencing the crack pro-
pagation properties because the stress rate was low
enough for crack growth to respond to stress change,
and the crack growth rate effect on the dynamic and
static fatigue was low.

4. Conclusions

Dynamic fatigue test with S types of silicon nitride
and 4 types of silicon carbide ceramics were conducted
in a vacuum at 800° - 1000°C. Moreover, some speci-
mens were also subjected to the same tests in air. As a
result, the following conclusions were obtained.

1) Crack growth at high temperatures of ceramics with
a glassy phase in the grain boundary was mainly due to
intergranular cracking caused by the decreased viscosity
of the glassy phase both in a vacuum and in air. Addi-
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tionally, the high-temperature fatigue parameters are
affected by the components of the glassy phase. In the
samples used for these experiments, the crack growth of
ceramics with MgO sintering aid was active, which is
probably because the Mg lowered the viscosity of the
glassy phase.

2) Reaction-sintered silicon nitride or hot-pressed
silicon carbide with B and C developed almost no crack
growth even at elevated temperatures.

3) Reaction-sintered silicon carbide in which metallic Si
remained in quantities developed crack growth at 1200°C
probably due to intergranular cracking caused by a
decrease in Si viscosity, while at 1400°C Si melts com-
pletely so that no crack growth was observed, only a
substantial reduction in strength.

4) In the case of hot-pressed silicon nitride containing
ALO; or Y,0;, surface oxidation increased the viscosity
of the internal glassy phase to improve its plasticity.

5) For hot-pressed silicon carbide with B and C,
numerous pores were generated by oxidation on the
surfaces of specimens, thus greatly reducing their
strength.

Furthermore, a comparison was made between the
lifetimes of NS samples under a constant load estimated
from the dynamic fatigue properties and measured static
fatigue, which was in relatively good agreement. Hence,
the static fatigue lifetimes at elevated temperatures are
obtainable from the dynamic fatigue properties.
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Stoichiometric and non-stoichiometric hydroxyapatites

(Ca/P=1.55, 1.60 and 1.67), prepared by the hydrolysis
of brushite or monetite, were densified by the HIP

treatment at 100 - 800°C and 320 - 850MPa. The tem-

perature-pressure region for densification depends upon

Ca/P ratios. At 600MPa, the lowest temperature of the

densification is 300°C for Ca/P=1.55, 400°C for 1.60
and 800°C for 1.67. In the case of calcium-deficient

hydroxyapatite the densification temperature decreased

with increasing crystal water content. In the case of

Ca/P=1.55, the lowest temperature for densification
is 500°C at 600MPa for fully dried starting powder, of

which n in Ca, H (PO, (OH),,-n H,0 is nearly

equal to zero.
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1. Introduction

Bones and teeth contain “impure” calcium phosphate,
and the crystalline part is referred to as “biological
apatite,” which is a type of calcium-deficient hydroxy-
apatite.) It is also known that crystalline apatite can
have a variety of functions, when various ions or mole-
cules are introduced into the structure.?

In this study, the authors attempted to densify
calcium-deficient hydroxyapatite powder without chang-
ing the composition or crystalline structure, in order to
develop substitute materials for bones and teeth.

The as-synthesized calcium-deficient hydroxyapatite
in an aqueous solution is considered to have a com-
position in which part of the calcium and hydroxide ions
of the stoichiometric composition Ca,o(PO,)s(OH), are
substituted with hydrogen ions and water molecules.
It is known that calcium-deficient hydroxyapatite
cannot be densified in air, because it is dehydrated
when heated for sintering, into a mixture of hydro-
xyapatite and tricalcium phosphate (Cay(PO,),).+

Calcium-deficient hydroxyapatite was expected to be
densified without decomposition, when heated under a
sufficiently high pressure, because water-containing
minerals are generally deformed plastically under high
pressures. A highly densified product was obtained in
preliminary experiments conducted at a pressure up to
150MPa, where powdered apatite packed in a sealed tube
was heated under pressure.!) A temperature of at
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least 200°C was required at 150MPa to sufficiently
densify the powder, which was dried at room tempera-
ture under a vacuum. It was also found that calcium-
deficient hydroxyapatite powder was not densified, after
drying by heating under vacuum.

The observations that the temperature required for
densification is very low and the results are very sensi-
tive to drying conditions indicate that water is very
important in the densification process.

In this study, calcium-deficient hydroxyapatite was
dehydrated under various drying conditions in an at-
tempt to determine the characteristic densification
behavior under high pressure, and the densified products
were compared with hydroxyapatite of the stoichiometric
composition. A new experimental system was developed
to carry out the tests under high pressure.

2. Experimental Procedure

2-1. Starting Powders and Their Treatment

The authors specified three types of hydroxyapatite
of different Ca/P ratios, to be prepared by the wet
process, which were prepared by Central Glass Co., Ltd.
The Ca/P=1.55 powder was prepared by the reaction of
brushite (CaHPO,-2H,0) and ammonia, the powder of
Ca/P=1.60 by the reaction of brushite and calcium
hydroxide (Ca(OH),) suspended in an aqueous solution,
and the powder of Ca/P=1.67 by calcining the apatite
formed by the reaction of monetite (CaHPO,), calcium
hydroxide and calcium carbide (CaCO;) suspended in an
aqueous solution. Table 1 shows the analyses of these
powders, as reported by the manufacturer.

Each starting powder was pressed using a die into a
36mm diameter, 135mm long metallic capsule of lead,

Table 1. Impurity contents and specific surface area of
the starting powder.

Ca/sP Impurities /ppm Specific
MOlAR  EsCemiiAswes S B S SRSt s S S e e S e surface area
ratio Cl S04 Fe Pb As Cd Na  NHs n?/g
1.55 9.0 9:3 2.5 0.2 0.2 <0.07 <100 <120 82
1.60 3.0 8.0 1.8 1.7 <0.2 <0.07 <100 - 60
1.67 5.0 5.0 2.0 1.0 - <0.5 <120 = a1




S.R.Kim et al.

silver or gold depending on the treatment temperature.
Each capsule, after charging with the starting -owder,
was sealed off with a welded lid, and heatec (o drive
off the adsorbed gases and moisture from the insulated
capsule through a pipe (1.6mm in outer diameter, 0.5Smm
in inner diameter) provided in the lid. This step was
continued until the equilibrium pressure of the vapor
phase in the capsule (i.e., pressure within the insulated
capsule at the temperature when the exhaust pump was
stopped) reached 0.55torr. The extent of drying of the
starting powder was essentially determined by the
temperature at which the evacuation was carried out. A
couple of days were required to evacuate the capsule
sufficiently. The chemical species in the exhaust gas
were monitored by a quadruple mass spectrometer
(Leybold Inficon Inc. QUADREX 100), to confirm that
the exhaust gas consisted essentially of water. Further-
more, the capsule under evacuation was separated at
times from the evacuation system, to measure the
weight and thereby to monitor the water removed. On
completion of the evacuation step, the capsule was
sealed off by welding the exhaust pipe, and separated
from the evacuation system for the test.

2-2. Pressure Vessel

A new type of pressure vessel with pressure dura-
bility required for the experiment, was specifically de-
signed and manufactured.!” The highest working pres-
sure, inner diameter and effective depth of the vessel
were 1000MPa, 90mm and 300mm, respectively. Argon
was used as the pressure medium. An electrical furnace
(sample chamber inner diameter: 38mm, highest working
temperature: 800°C, temperature-level accuracy: 2°C)
was placed in the vessel, to keep the sample at the
desired temperature).

Table 2. Densification of hydroxyapatite under high
pressures and moderate temperatures.

Number of Ho0  Treatment conditions Stability

Secimen (a/P  bonded in  -eee-eeessesseessesssseseaaaa Densi ty

Molar crystal lattice Temperature Pressure Duration spontaneous

No. ratio n o HPa hrs. 2/ml breakage
S- 7 167 200 850 6 2.12 broken
S5 167 500 680 1.5 3.00 broken
S-12 1.67 500 637 18.5 3.00 stable
S-16 1.67 800 600 9 3.15 stable
N3 1.60 - 200 800 0.2 - broken
N2 1.60 - 300 670 2 2.00 broken
N5 1.60 0.69 100 600 14 3.02 stable
NI-6  1.60 0.69 400 600 9 3.02 stable
NI-L 1,60 0.58 100 580 1 3.08 stable
N-lp 155 1.23 150 600 1 2.7 broken
N2-5p 1.5 - 150 730 15 2.5 broken
N-3 155 0.90 300 600 2 3.05 stable
M- T 155 0.55 300 600 2 3.07 stable
N2- 1 1.55 - 300 680 5 - broken
N2-19 155 0.55 100 600 5 3.00 stable
N-9 155 0.31 100 600 7 3.08 stahle
N2-2 155 0.31 00 600 19 3.09 stahle
M- 6 1.5 0.35 400 600 1 3.09 stahle
N2-10 1.55 0.33 400 600 2 3.08 stable
N2- 4 155 0.55 100 320 17 2.65 stable
N2- 5 1.55 0.14 500 600 1 3.1 stahle
N1 155 0.10 500 600 1 3.1 stable
N-12 155 0.17 500 600 12 311 stable
N2-13 155 .31 500 600 13 3.08 stable
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2-3. Infrared Absorption Spectra

Infrared spectra were measured by a spectrometer
(Nippon Bio Rad Laboratory FTS 60). It was equipped
with absorbance scale, and light passing through the
thin specimen was directly measured, to determine the
hydrogen content in the sample. The KBr disk method
was not used, because of the likely error due to con-
tamination of the KBr tablet with moisture from the air
during preparation.

2-4. X-Ray Diffractometry

The starting powders and all of the samples treated
under elevated temperature and pressure were analyzed
by X-ray diffraction using CuKa radiation, to investigate
the phases present and crystallinity. The densified
samples were analyzed directly, after the surfaces of
the test pieces were polished. A holder for the densified
sample was developed specifically for this task. The
diffraction angle was determined by an X-ray powder
diffractometer (Philips Model PW1820/00), with a
specified repeatability of +0.001° for the 26 measure-
ment. The step scan procedure was used to measure the
lattice constants at the intervals of 0.02° for 10sec.

2-5. Bending Test

A total of ten specimens (3 x 4 x 32mm) were pre-
pared from each of the two representative sample iypes
for the 3-point bending tests, conducted with a cross-
head speed of 0.5mm/min by a testing machine (Instron
Model 1123).

2-6. Analysis of Moisture

About 1g of the densified sample, put in a platinum
crucible, was kept at 800°C in air for 20h or longer,
until it reached a constant weight. It was confirmed
by X-ray powder diffraction that the sample was decom-
posed into tricalcium phosphate (Ca,(PO,),) and
hydroxyapatite of the stoichiometric ~composition
(Cayy(PO,)s(OH),).

Assuming that the calcium-deficient hydroxyapatite is
represented by the formula  Ca, H/(PO,),(OH),,
-nH,0, and that the quantity of moisture (n+1)H,0
formed by the decomposition reaction Ca,o H(PO,)s
(OH),,+nH,0 » 3xCay(PO,), + (1%)Cayo(PO,)(OH),
+ (n+x)H,0 corresponds to the weight loss of the
sample heated in air, the n value of the densified
sample was calculated.

3. Results

3-1. Pressure and Heat Treatment

The relative density of the starting powder, measured
from the volume packed naturally in a container, varied
from 5 to 15vol%. The powder was pressed into the
capsule under a uniaxial pressure of 20MPa. The com-
pact had a relative density of about 40vol%, measured
from the external dimensions and weight. The results of
treatment under pressure and heat are given in Table 2.
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Ca/ P=1.55
HYDROXYAPATITE

HIPed at 300C,600MPa

Fig. 1. Dense polycrystalline calcium-deficient hydroxy-
apatite (Ca/P=1.55): specimen No.N2-3 in Table
2, densified at 300°C, 600MPa.

Under pressures up to 850MPa, the sample remained
porous, unless heated. The samples treated under pres-
sure at relatively low temperature disintegrated after a
time, when they were taken out from the capsules.
Disintegration took place sometimes with a noise but
without external forces, scattering powdery pieces, when
the sample was allowed to stand in air for about 10h.
The samples which disintegrated gradually in air were,
when put in water at room temperature, totally destroy-
ed explosively in a couple of minutes. The disintegrating
samples are denoted as “broken” in Table 2.

The lowest temperature required to densify the
sample to a negligible porosity differed greatly, depend-
ing on the apatite type used. The sample of Ca/P=1.67
formed a transparent specimen (S-16) when treated at
800°C, while the sample of Ca/P=1.60 formed specimens
(N1-1, N1-5 and N1-6) when treated at 400°C.

The sample of Ca/P=1.55 formed transparent speci-
mens (N2-3 and N2-7) which contained no pores, when
treated at a low temperature such as 300°C. Figure 1
shows a photograph of the specimen N2-7; it was Smm
thick and as transparent as glass.

Figure 2 illustrates how the temperature required to
densify the sample of Ca/P=1.55 varied with the quan-
tity of water n, which was obtained by the method
mentioned in Section 2.6.

Figure 3 shows the SEM photos of the sample of
Ca/P=1.55 before and after densification, to compare
their grain sizes. The lower the treatment temperature,
the smaller the grain size. For highly densified samples,
the grain size tended to increase by densification when
the starting sample contained a relatively large quantity
of crystal water.

3-2. Infrared Absorption Spectra

The results shown in Table 2 indicate that densifica-
tion of the powdered apatite was greatly affected by
the Ca/P ratio and quantity of crystal water. Both these
factors are related to the components which formed
water molecules, when the crystal phase was heated.
Figure 4 shows the infrared absorption spectra of the
samples treated under conditions believed to be repre-
sentative. Each specimen was cut from the transparently
densified sample, and polished to a 75um thickness.
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Fig. 2. Densification of calcium-deficient hydroxyapatite
(Ca/P=1.55) as a function of temperature under
600MPa. The n values in the formula Ca,,
Hy(PO,)4(CH),,-nH,0 were determined to be
0;n=0.9, A; n=0.31 and s; n=0.01, respectively.

The specimen N2-3 shown in Fig. 4 was from the
transparent sample densified at 300°C and 600MPa, with
crystal water content n of 0.90. It showed an absorp-
tion peaks in the wave number range of 3500 to
3000cm?, caused by the stretching vibration of the
hydrogen-bonded OH group.

The specimen N2-13 was the well-dried sample,
densified and transparent by treatment at 500°C and
600MPa with crystal water n of 0.34. Compared to the
specimen N2-3, the stretching vibration absorption of
the hydrogen-bonded OH group was negligibly small.

3-3. X-Ray Diffraction Analysis

No diffraction peak other than that due to the
apatite phase was detected in any of the densified
samples shown in Table 2.

The diffraction pattern of the densified specimen N2-
3, which was a typical specimen densified at a relatively
low temperature of 300°C under 600MPa was compared
with that of the starting powder. The crystallinity was
increased by densification.

Significant differences were observed in the broaden-
ing and angle of the diffraction lines. The crystallinity
of the starting powder was higher than that of the
samples densified at 150°C under pressure, but was
lower than that of the samples densified at higher
temperatures. The differences in the diffraction angle 26
of the samples reached 0.05° in some cases, even in the
low angle region.

The lattice constant measured is discussed below,
because the procedure used may be debatable.
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Fig. 3. SEM photographs of starting powder and frac-
ture surfaces of densified calcium-deficient
hydroxapatites.

A; starting powder, B; evacuated at 150°C, den-
sified at 150°C, 600MPa, specimen No.N2-1p, C;
evacuated at 300°C, densified at 500°C, 600MPa,
specimen No.2-5, D; evacuated at 28°C, den-
sified at 400°C, 600MPa, specimen No.N2-19.
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Fig. 4. Infrared absorption spectra of specimens.
A; specimen No.N2-3, evacuated at 130°C, B;
specimen No.N2-13, evacuated at 500°C.
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Fig. 5. X-ray diffraction patterns, Dotted line; the
starting powder (Ca/P =1.55), solid line; densified
at 300°C, 600MPa, specimen No.N2-3.

3-4. Flexural Strength

The flexural strengths of the specimens, N2-7 and
N2-11 were compared; the former was characterized by
a relatively high crystal water content of 0.55, and the
low densification temperature, and the latter by a high
dryness (crystal water content: 0.10) and density of
3.11g/cm® which was the highest among the densified
samples, resulting from the high densification tempera-
ture. The results are shown in a Weibull plot (Fig. 6).
The former had an average strength o5=65.7+6.4MPa and
the latter 05=60.1t7.9MPa. These levels are lower than
one-third of the reported values for sintered hydroxy-
apatite of the stoichiometric composition. These samples
(Fig. 6) had Weibull coefficients m of 8.4 and 7, respec-
tively.
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Fig. 6. Weibull plots of the bending test.
o; specimen No.N2-7, evacuated at 200°C, den-
sified at 300°C, 600MPa, o; specimen No.N2-
11, evacuated at 300°C, densified at 500°C,
600MPa.

It is noted that the specimen N2-11 was weaker than
the specimen N2-7, in spite of the higher dryness and
density of the former.

4. Discussion

4-1. Measurement and Control of Crystal Water

A number of studies have been made on the struc-
ture of calcium-deficient hydroxyapatites, and various
models have been proposed for it» In this study,
crystal water content n was used as an index, based on
the generally accepted composition.

Cayo H(PO,)s(OH),.,-nH,0O

The densification process of calcium-deficient hydro-
xyapatite at a relatively low temperature can be con-
s'dered in connection with the presence of water, which
distinguishes calcium-deficient hydroxyapatite from
hydroxyapatite of the stoichiometric composition.

If the densification process is affected by water
present in the sample, what will result when it is
sufficiently dried to lose crystal water?

In order to discuss the relationship between den-
sification and water content, it is necessary to inves-
tigate the quantity of water chemically bonded to the
apatite crystal structure, which is then released by
heating. However there is no structural analysis re-
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ported of single crystals of calcium-deficient hydro-
xyapatite. Nor by means of the thermal or spectral
analyses, there is no established theory regarding water
content in the crystalline structures,*'? because the
crystal grains are too small to allow easy separation of
adsorbed water from crystal water, and because the
properties of calcium-deficient hydroxyapatite differ,
depending on the method by which it is prepared.
Therefore, attempts were made, in this study, to deter-
mine the crystal water content for the calcium-deficient
hydroxyapatite prepared.

Figure 7 shows the weight loss of the Ca/P=1.55
sample. Dried nitrogen gas flow prepared by evaporat-
ing liquid nitrogen was used as the atmosphere. 10g of
the hydroxyapatite powder sample was placed in a
25mm-diameter, 125Smm-high platinum container, and was
hanging from a chemical balance.

The weight of the powder sample was measured at
intervals of several hours, while keeping its temperature
constant.  After keeping the sample at a constant
temperature for 20hrs, the weight became constant
within an error of 1mg in several hours. The apparent-
ly constant weights of the samples at respective tem-
peratures are illustrated in Fig. 7. It should be noted,
however, that the weight loss still continued, though
very slowly, beyond the apparently constant weight
point. This loss was not negligible after a couple of
days. It was also found that the water content of the
sample powder which was dried by heating it up to
200°C was reabsorbed when the sample was allowed to
stand in air at room temperature for about 30 days.
This shows that the release and absorption of moisture
are reversible, at least up to 200°C.
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Fig. 7. Weight loss in dry nitrogen gas flow of starting
powder (Ca/P=1.55,x=0.7). The powder was kept
for about 20hrs until weight become practically
constant at every temperature plotted.
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When the sample was kept at 800°C, the phase
separation into two phases, tricalcium phosphate and
stoichiometric hydroxyapatite took place. This phase
separation was observed by means of powder X-ray
diffraction. This “phase separated” specimen was taken
as standard by its weight in the right-side axis of the
ordinate in Fig. 7. This axis represents molar water
released from the sample. When Ca/P = 1.55, x is equal
to 0.7. In Fig. 7, the curve shows changes in its
feature at intervals of 0.7 of molar water released.

The sample heated at near S00°C consisted of hydro-
xyapatite only by powder X-ray diffraction, indicating
that the sample lost water but the crystalline structure
of hydroxyapatite was intact up to S00°C.

The water content therefore became essentially
constant when the powdered apatite sample was kept at
a constant temperature under a reduced partial pressure
of water in the atmosphere. The results shown in Fig.
7 represent the equilibrium relationship between water
content and temperature. This was used to control the
water content of the calcium-deficient hydroxyapatite
powder in the capsule by keeping it under a vacuum at
a temperature in a range from room temperature to
500°C.

4-2. Stoichiometric and Calcium-Deficient Hydroxy-
apatites

The densification of calcium-deficient hydroxyapatite
was greatly affected by the presence of crystal water.
Is the difference in densification behaviors between
stoichometric hydroxyapatite and calcium-deficient
hydroxyapatite due to the presence of crystal water
only?

The specimen N2-11 with n = 0.10, which was dried
as far as possible under the conditions employed in this
study, was densified to a transparent body at S00°C and
600MPa. On the other hand, at least 800°C was re-
quired to make stoichiometric hydroxyapatite transparent
under the same pressure.

A similar difference was observed in the upper limits
of temperature when forming samples that disintegrated.
Stoichiometric hydroxyapatite collapsed spontaneously,
when treated at S00°C for 4.5h, as shown in Table 2.
The Ca/P=1.55 sample densified at 300°C for Sh disin-
tegrated spontaneously, so long as it was sufficiently
dried in a well-evacuated system. Thus, there was a
difference of about 200° in the upper limit of treatment
temperature that caused spontaneous breakage.

Calcium-deficient hydroxyapatite was therefore found
to be easier to densify, even when essentially complete-
ly dried, than stoichiometric hydroxyapatite. It is con-
sidered that a calcium deficiency in the crystalline
structures changes the mechanical properties of the
crystalline or the system structures, e.g., causing the
crystal grains to be more liable to plastic deformation.

4-3. Disintegration of Samples

All of the three types of apatite with different Ca/P
ratios disintegrated spontaneously, after having been
treated under pressure, as shown in Table 2. Such a
phenomenon has not been previously discussed. The
authors considered at first that it was caused by com-
pressed gas contained in the sample.
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The spontaneous breakage of the samples was re-
peatable under the same conditions (temperature, pres-
sure and holding time). This phenomenon was also
observed with the samples which were not densified to
the stage of the formation of closed pore. A high-
pressure gas, if contained in the sample, should cause
the sample weight to change when it is released from
the sample. However, no such weight change was ob-
served in this study.

Next, it was assumed that stress and associated
elastic deformation were present in a spontaneously
breaking sample, and the stress was released by the"
breakage. In order to confirm this, additional thermal
tests were carried out. A high-pressure gas, if contained
in a sample, should reduce the strength of the sample
as the temperature is increased, and eventually destroy
it by thermal expansion. Elastic deformation caused by
a residual stress, on the other hand, will be released at
higher temperatures, and the sample will be less liable
to breakage.

Samples of the spontaneously breaking specimen N2-
1p no longer disintegrated when kept at 150°C in a
drier.

The spontaneously broken specimens were obtained
when the starting powders were treated at low tempera-
tures, or shorter durations of the treatment under high
pressures. It must be pointed out that every specimen
broken spontaneously was insufficiently densified. In
other words, these specimens retained pores in their
texture and withstood an external pressure of 60 to
80kg/mm? during their treatment.

Possibly the crystal grains of the sample were de-
formed plastically to form defective lattices. These
largely remained in the structures, because the tempera-
ture and holding time were insufficient to repair them
by diffusion, as a result of which the grains were
altered.

Spontaneous breakage was not caused by release of
external pressure only. Water in the air is related to
the spontaneous breakage because the breakage started
from the faces in contact with air. Undoubtedly, water
accelerates the spontaneous breakage because the sample
was rapidly destroyed when put in water. Water can be
considered to repair defective lattices in the altered
grains, but the role of water molecules in the me-
chanism of the spontaneous breakage is speculative.

4-4. Density

Dense specimens, which are pore free showed different
densities, as shown in Table 2. For example, the density
of the apparently transparent N2-2 was 3.05g/cm?
which was lower by 0.06g/cm® than that of N2-5
(3.11g/em3), which also seemed to be pore free.

Few researchers have discussed the lattice para-
meters of calcium-deficient hydroxyapatite. Table 3
shows the lattice parameters of tooth enamel,'” and of
apatite in equilibrium with monetite or Ca,P,0; by
Skinner.') The Ca/P ratio of the tooth enamel differs
according to the researchers; 1.62:0.08 by Weatherell
and Robinson,'” 1.58 by Little and Casciani,' and 1.48
to 1.67 by Brudevold and Soremark.'”? Accordingly,
tooth enamel is considered to be calcium-deficient
hydroxyapatite.

According to the results shown in Table 3, apatite in
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Table 3. Unit cell dimensions of hydroxyapatites (in
Angstrom).

Specimen Type Lattice parameters References
a c
9.441 6.884 Trautz (1955)'3"
Tooth enamel 9.440 6.881 Carlstrom(1955)'2
9.450 6.879 Glass and Ommel(1960)'3’
9.442 6.883 Glass(1962)'?
9.440 6.872 Holcomb and Young(1980)'®
9.420  6.881 Trautz(1955)'
Hydroxyapatite synthetic 9.420 6.881 Carlstrom(1955)'?
9.420 6.881 Trombe(1970)'*’

+ portlandite (300C)  9.421 6.882
+monetite  (300C)  9.417  6.879
+monetite  (300C)  9.419  6.881
+ CazPa2ly (400C)  9.419  6.881
+ CazP207 (400C)  9.420 6.880
+ CazP20; (5000C)  9.424 6.887
+ CazP20r (500C)  9.423 6.882

Skinner(1973)! ¢’
Skinner(1973)' 4
Skinner(1973)! 4’
Skinner(1973)' ¢!
Skinner(1973)' 4’
Skinner(1973)' 4’
Skinner(1973)" 4!

Capsule No. N2- 3 9.425 6.880
Capsule No. N2-11 9.410 6.882

this work
this work

tooth enamel has an a-axis parameter about 0.2% higher
than stoichiometric hydroxyapatite and has almost the
same c-axis parameter.

The lattice parameters of the specimens N2-3 and
N2-11 prepared in this study were calculated by Ap-
plemann’s program,'® assuming that they were hexa-
gonal. The results converged satisfactorily, indicating
that the above assumption was valid. The lattice para-
meters of these systems also changed little.

The density was estimated from the lattice para-
meters and molecular formula, and was compared with
that measured by the Archimedean method using water.

The estimated densities, from lattice parameters and
formulae, of the specimens N2-3 and N2-11 were 3.078 +
0.013 g/cm? and 3.043 £ 0.013 g/cm?, respectively.

The bulk density, on the other hand, of the speci-
mens N2-3 and N2-11 were determined to be 3.052 t
0.002 g/cm? and 3.109 t 0.002 g/cm?, respectively.

The differences between these values are larger than
the experimental error of the measurement.

The cause of this discrepancy is not well understood
at the present stage of investigation. It should be noted
that X-ray diffraction gave information about the thin
layer extending 100pm from the surface. This layer was
considered to absorb moisture in air, to have a crystal
water number n close to the equilibrium level at room
temperature and above unity. The density estimated by
X-ray diffraction, therefore, may not correlate well with
the bulk density for a volume of several cm?. There are
many other possible reasons for the discrepancy, e.g.,
the presence of residual strains.

5. Conclusions

Well-dried, calcium-deficient hydroxyapatite powders
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were densified under elevated pressure and temperature,
without changing their chemical compositions and crys-
talline structures, to produce transparent samples.

1) The temperature and pressure conditions to satisfac-
torily densify the powders varied, depending on their
Ca/P ratios. The temperature levels required for the
densification were 300°C under 600MPa for the sample
of Ca/P=1.55, and 400°C under the same pressure for
the sample of Ca/P=1.60.

2) The temperature and pressure conditions for satisfac-
tory densification were also dependent on the dryness
of the starting samples. At least 500°C was required
under 600MPa for the sample of Ca/P=1.55, which lost
more than half of its crystal water.

3) The samples pressed at a temperature too low to
densify disintegrated gradually, when allowed to stand in
air, even in the absence of an external force.
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Synthesis of Tantalum Boride Powder by
Solid State Reaction and Its Sintering

Hideaki Itoh, Yusuke Satoh, Satoshi Kodama and Shigeharu Naka

Faculty of Engineering, Nagoya University
Furo-cho, Chikusa-ku, Nagoya 464-01, Japan

Tantalum boride powders were synthesized by the solid
state reaction between tantalum and amorphous boron.
Five boride phases (Ta,B, Ta;B,, TaB, Ta;B, and TaB,)
were formed by heat-treatment of the mixed powders at
1000 - 1800°C for 0 — 120 min. Formation behavior of
these borides was dependent on the heat-treatment
temperature, in which structurally stable phases formed
in order from low to high temperatures. Single phases
of TaB,, TaB and Ta,B, were obtained by the heat-
treatment of the mixed powders with corresponding
stoichiometric compositions at 800°, 900° and 1800°C,
respectively. Sintered compacts of TaB and TaB,,,
were prepared by a high-pressure sintering of syn-
thesized TaB and TaB,,, powders at 4GPa and 1600°C
for 15 min. The bulk density of TaB was 13.51g/cm?
(relative density: 95.1%) and the Vickers microhardness
was 2550kg/mm2 The homogeneous range of the solid
solution TaB,,, was 0<x<0.55, the density and -the
microhardness of which increased with increasing
amount of boron in solid solutions.

[Received August 25, 1989; Accepted November 22,
1989]

Key-words: Tantalum boride, Solid state reaction, High
pressure sintering, Amorphous boron

1. Introduction

Transition metal borides are expected to have uses as
wear- and corrosion-resistant materials or electrode
materials because of their high hardness, melting point,
and electrical conductivity.® Materials of this kind,
however, are difficult to sinter. To overcome this
problem, methods have been developed to synthesize
high-purity and active boride powders that are suitable
for sintering*® and to sinter the boride powders
containing some sintering aid under high pressure.>!%)

In the Ta-B system, the presence of five phases,
Ta,B, Ta,B,, TaB, Ta,B, and TaB, has been
reported.1¢18)  Of these phases, TaB and TaB, have
relatively stable structures. The TaB structure is of the
rhombic system, having a melting point of 2450°C and a
microhardness (Hv) of 3130kg/mm? while the structure
of TaB, belongs to the hexagonal system, having a
relatively wide solid solution range, a melting point of
3070°C (the highest among the five boride phases) and a
microhardness of 2500kg/mm?, according to the litera-
ture.)  For the synthesis of tantalum borides by the
solid state reaction, the direct reaction between a metal
and boron and the thermal reduction of metal oxides
have been studied®!*2); however, only a few reports
have been published on the synthesis by the solid state
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reaction at relatively low temperatures below 1500°C.
Also, the properties of single-phase sintered compacts
containing no secondary phase have not been discussed.

In the present study, various boride powders were
synthesized by the solid state reaction between metallic
tantalum and amorphous boron, and in particular, single
phase powders of TaB, Ta;B, and TaB, were prepared
by investigating the formation process. The solid
solution range of B in TaB,,,, was determined. Also,
TaB and TaB,,, powders were sintered at high pressure
and high temperature to evaluate the sintering proper-
ties of the synthesized powders and the density and
hardness of the sintered bodies.

2. Experimental

2-1. Synthesis of Tantalum Boride Powders

The starting materials used for this experiment were
tantalum powder (particle size: 5-10pm, purity: >
99wt%) and amorphous boron powder (particle size:
about 0.9um, purity: > 96.6wt%). The powders were
independently degassed in a vacuum of 5x10° torr at
600°C for 60 minutes. Then, the powders were mixed in
an agate mortar to achieve the required atomic ratio
(B/Ta) of 0 - 3.0. To obtain a mixed powder of a
given composition, the composition was determined by
using the net amount of boron in the as-received boron
powder. The mixed powder was pretreated in a vacuum
at 500° - 600°C for 60 minutes, and then re-mixed in a
nitrogen gas flow. The pretreated powder was heat-
treated in an argon flow at 600° - 1500°C for 0 - 120
minutes. To measure the lattice constants of TaB,,,,
the sample was ground and mixed after the treatment at
1500°C for 60 minutes to ensure homogeneity in the
synthesized powder, and then heat-treated again at
1500°C for 60 minutes.

2-2. Analysis and Observation of Synthesized Powders

The phases formed in the treated sample were iden-
tified by powder X-ray diffraction, and the lattice
constant of each phase was measured with silicon as the
internal standard. The content and crystallinity of the
boride were evaluated by the relative intensity (I/Ig).
The diffraction lines used for measurements were 110
for tantalum, 211 for Ta,B, 201 for Ta,B,, 021 for TaB,
110 for Ta,B,, and 101 for TaB,. The diffraction line
intensities were corrected by the 200 diffraction line
intensity of silicon. ICP emission spectrum analysis was
used to check that the mixing ratio was unchanged
before and after heat treatment. The particle size and
shape of the treated powder were observed with a
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Fig. 3. Variations of relative intensity of formed
species as a function of treatment temperature.
Starting powder composition: B/Ta=1.0,
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scanning electron microscope (SEM).
2-3. Preparation and Evaluation of Sintered Compacts

The synthesized single phase powder was sintered at
4GPa and 1600°C for 15 minutes by using a girdle-type
high pressure apparatus.?) The microstructure of the
sintered compact was observed with a SEM, the density
was measured by the Archimedes’ method, and the
Vickers microhardness was measured under a 200kg load.

ATOMIC RATIO B/Ta

Fig. 2. Relationship between the relative intensity of
tantalum boride and the atomic ratio B/Ta.
Treatment conditions: 1800°C x 60 min,
A: Ta,B, o TagB,, u: TaB,

o: TasBy, e TaB,.

3. Results and Discussion

3-1. Formation Behavior of Tantalum Borides

The formation process of tantalum boride was studied
at various temperatures by varying the atomic ratio of
amorphous boron to tantalum (B/Ta) from 0.5 to 2.0.
By heat treatment at 1000°C for 60 minutes, only TaB
and TaB, which were structurally stable, formed
throughout the composition range, but the other phases
did not. Single phase boride powders were obtained
from powder mixtures with the corresponding stoichio-
metric composition.

Figure 1 shows the relationship between the relative
intensity and the atomic ratio (B/Ta) for tantalum
borides subjected to double heat treatment at 1400°C
for 60 minutes. In this way, Ta,B, Ta;B,, TaB, Ta,B,
and TaB, were formed. The single phase powders of
TaB and TaB, with stoichiometric compositions were
obtained from the powder mixtures of B/Ta=1.0 and
B/Ta=2.0, respectively, but single phases of other
borides (Ta,B, Ta;B, and Ta;B,) were not obtained.

Figure 2 shows the relationship between the relative
intensity and the atomic ratio (B/Ta) for tantalum
borides heat-treated at 1800°C for 60 minutes. The
formation behavior is similar to that of borides heat-
treated at 1400°C. For Ta,B,, the relative intensity is
high, and single phase powder was obtained from the
sample with the stoichiometric composition.

The above results indicate that the formation be-
havior of tantalum borides is dependent on the heat
treatment temperature and that structurally stable
phases form in order from low to high temperature.
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This formation behavior is very similar to that of
niobium borides® synthesized by the solid state reac-
tion.

3-2. Effect of Heat Treatment Temperature on Forma-
tion of Single Phase Powders

The effect of heat treatment temperature on the powder
mixtures of B/Ta=1.0, 1.3 and 2.0 with the stoichiometric
compositions of TaB, Ta,B, and TaB, was investigated.
single phase powders were obtained by heat treatment
at 1800°C. The treatment time was set to 60 minutes
since there was little effect of heat treatment time on
the products formed in the range of 60 to 120 minutes.

Figure 3 shows the relative intensity of the X-ray
diffraction line as a function of treatment temperature
for tantalum borides formed when the starting powder
of B/Ta=1.0 was heat-treated at 600°-1800°C for 60
minutes. At 600°C, only the diffraction line of tantalum
was observed. At 700°C, the formation of TaB, was
observed. With an increase in treatment temperature,
the relative intensity of tantalum decreased, while that
of TaB, increased. Above 800°C, TaB formed, and the
relative intensity of TaB, decreased. At 900°C, the
crystalline phase of TaB only was obtained. At high
temperatures above 900°C, the relative intensity of TaB
increased gradually, the crystallinity being improved,
and leveled off above 1400°C.

Figure 4 shows the relative intensity as a function
of treatment temperature for tantalum borides formed
from the starting powder of B/Ta=1.3. TaB, formed at
750°C, and TaB formed at 800°C. After that, Ta,B,
began to form at 1200°C. With an increase in treat-
ment temperature, the relative intensity of TaB de-
creased, while that of Ta;B, increased. High-tempera-
ture treatment at 1800°C was necessary to obtain the
crystalline phase of Ta,B, only.
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Fig. 5. Variations of relative intensity of formed
species as a function of treatment temperature.
Starting powder composition: B/Ta=2.0, Treat-
ment time: 60 min, A: Ta, e: TaB,.

Figure 5 shows relative intensity as a function of
treatment temperature for tantalum borides formed from
the starting powder of B/Ta=2.0. The starting tempera-
ture for the formation of TaB, was 700°C. With an
increase in treatment temperature, the relative intensity
of tantalum decreased, while that of TaB, increased; at
750°C, the single phase of TaB, had already formed.

As seen from Figs. 3-5, TaB, is formed from powders
of any composition at low temperatures between 650°
and 800°C, but with increasing temperature, a single
phase stoichiometric compound corresponding to the
powder composition, such as TaB or Ta;B,, forms. The
formation of TaB,, a compound with the greatest boron
content of the tantalum borides occurs, at relatively low
temperatures because of the high stability of diborides,
as with the other transition metal borides.2310

3-3. Homogeneous Range of TaB,,, Solid Solution

It is well known that tantalum diborides have a
relatively wide solid solution range for boron. There-
fore, the lattice constant was measured by varying the
atomic ratio (B/Ta) from 1.9 to 2.9. Figure 6 shows the
relationship between the lattice constants on the a- and
c-axes of the TaB,,, powder formed by double heat
treatment at 1500°C for 60 minutes and the atomic ratio
(B/Ta) of the starting powder. The lattice constants
vary linearly when B/Ta is above 2.0, which suggests
that the homogeneous range of TaB,,, solid solution
lies at x=0-0.55. The upper limit agrees nearly with
those in the literature.'6320)  The literature reports
the lower limits of 1.5 to 1.8, but in this experiment
homogeneity was not observed with excess tantalum.
The lattice constants at the lower limit of the uniform
region were estimated to be a=3.097 and ¢=3.232, and
those at the upper limit to be a=3.063 and c¢=3.289.
These constants nearly agree with those presented in



H.Itoh et al.

3.10

(a)

3.08f

CONSTANT
w
S
D

3.30

3.28¢

3.26F

LATTICE
(a)

1.8 2.0 2.2 2.4 2.6 2.8 30
ATOMIC RATIO B/Ta

Fig. 6. Lattice constant of the synthesized TaB,,
powder vs. the atomic ratio (B/Ta) of starting
powder.

Treatment conditions: (1500°C x 60 min) x 2.

the literature.222  The figure indicates that with
increasing atomic ratio, the length of the a-axis de-
creases, while that of the c-axis increases within the
solid solution range. This suggests that since stoichio-
metric TaB, belongs to the hexagonal system, excess
boron atoms enters the (0, 0, 1/2) position of the
crystal lattice, forming a solid solution.314)

3-4. Sintering Properties of Synthesized TaB and TaB,,,
Powders

The particle size and shape of single phase powders
of synthesized TaB and TaB,,, were nearly the same as
those of the starting tantalum powder; no aggregation
or grain growth were observed. Borides may have been
formed by the diffusion of boron to metallic tantalum.

Single phase TaB bodies were prepared by sintering
the following two powders at 4GPa and 1600°C for 15
minutes: (a) single-phase synthesized TaB powder and
(b) the powder with (TaB+0.1B)+0.1Ta composition,
prepared by adding metallic tantalum powder of 10mol%
to the powder (TaB+0.1B) synthesized with 10mol%
excess boron. The sintered body of sample (b) had
lower porosity than sample (a), with a density of
13.51g/cm? (relative density: 95.1%) and a microhardness
of .2550kg/mm?.  The X-ray diffraction of sintered
bodies did not detect tantalum, the diffraction line of
TaB only being observed. The reaction between free
amorphous boron and added tantalum might have caused
higher densification.>®
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Fig. 7. SEM of the fractured surface of the TaB,, 4
compacts sintered at 4GrPa and 1600°C tor
15 min.
(a) B/Ta=2.0, (b) B/Ta=2.3, Synthetic condi-
tions of the TaB, ;. x powder: (1500°Cx60 min)x2.

Figure 7 shows the SEM photographs of the frac-
tured surfaces of TaB,,, compacts obtained by sintering
TaB,,, solid solution powders with compositions of
B/Ta=2.0 and B/Ta=2.3 at 4GPa and 1600°C for 15
minutes. No abnormal grain growth was observed in
these photographs, with only homogeneous microstruc-
tures. The TaB, compact with the stoichiometric com-
position had a density of 10.64g/cm?® and a microhard-
ness of 1050kg/mm2 As the degree of the solid solu-
tion of boron increased, the density and microhardness
increased. This is probably because the presence of
excess boron atoms strengthens the planar network
structure of boron atoms, resulting in increased micro-
hardness.’®'”)  Since the relative density of these
single phase bodies is still low, at 85 - 90%, the
methods for synthesizing finer boride powders and the
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sintering conditions should be improved to increase the
sintering density.

4. Conclusions

Tantalum boride powders were synthesized by the
solid state reaction between metallic tantalum and
amorphous boron, and the single phase powders syn-
thesized were sintered under high pressure. The con-
clusions from the experiments are as follows:

1) Ta,B, Ta;B,, TaB, Ta,B, and TaB, were formed by
the solid state reaction at 1000° - 1800°C for 60
minutes. The formation behavior of these borides was
greatly dependent on the heat treatment temperature,
and structurally stable phases were formed in order
from low to high temperature.

2) Single phase TaB, TaB and Ta,B, powders were
obtained by heat-treating the powder with the cor-
responding stoichiometric composition at 800°C, 900°C
and 1800°C, respectively. The homogeneous range of
the solid solution of TaB,, , was 0<x<0.55.

3) A single-phase sintered compact of TaB with a
density of 13.51g/cm? (relative density: 95.1%) and a
microhardness of 2550kg/mm? was obtained by high-
pressure sintering of synthesized TaB powder at 4GPa
and 1600°C for 15 minutes. When the TaB,,, solid
solution was sintered under the same sintering condi-
tions, the density and microhardness increased with an
increased boron content in solid solution.
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Effect of metal alkoxides as grinding aids in grinding of
electrofused alumina powders and the reaction
mechanisms were investigated. Dry grinding experiments
with and without grinding aids were made using a
vibration mill up to 320h. Particle size distribution and
specific surface area of powders were measured to
estimate the degree of grinding. The degree of disper-
sion-cohesion of ground powders was evaluated from an
angle of repose and particle shape observation by SEM.
Surface tension of metal alkoxide liquids and contact
angle between metal alkoxide liquids and sintered alu-
mina surface were also measured. Addition of grinding
aids caused acceleration of grinding and dispersion for
their ground powders. The following two major reasons
were considered for these effects. (1) Surface tension
of metal alkoxide liquid is smaller than that of water.
(2) Hydrolysis of alkoxide excludes water, which tends
to cause cohesion of powders, and also forms butyl
alcohol which acts as grinding aid itself.
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Key-words: Grinding aid, Alkoxide, Dry grinding pro-
cess, Surface tension, Dispersion, Alumina

1. Introduction

Ceramic powders used as starting materials are
mostly sintered and used as densified bodies, and so it
is desirable that they consist of fine particles. The
fine powders may be produced by the break-down ap-
proach, such as the grinding of bulk bodies into fine
particles of the required size, and the build-up approach
where very fine powders are synthesized by vapor- or
liquid-phase processes. The former approach is pre-
ferable because of cost in most cases for the volume
production of fine ceramic powders. One of the pro-
blems involved in the grinding process is lower efficien-
cy with time. Grinding particles produce new surfaces
of higher surface activity, and the ground particles
adhere firmly to each other, or to the mill walls or
grinding media, in order to reduce the surface energy.
Thus, the behavior of these activated surfaces is mainly
responsible for the lower grinding efficiency. A variety
of polar organic materials and fine solid particles are
being studied as grinding aids to enhance the grinding
efficiency.!™

In this study, grinding was aided by a metal al-
koxide, which was used by Hayashi et al. in the dry-
type process for grinding clay, to investigate the

functions of enhancing grinding efficiency and controll-
ing agglomeration. The mechanisms of action of the
metal alkoxide grinding aid were also investigated.

2. Experimental Procedure

The starting powder used in this study was electro-
fused alumina (WA600, supplied by Showa Denko), the
properties of which are presented in Table 1.5

Two metal alkoxides, titanium tetra-n-butoxide
(Ti(OC,H,),, Alcofine Ti-40, supplied by Kawaken Fine
Chemical) and silicon tetra-n-butoxide (Si(OC,Hy),
supplied by Tama Kagaku Kogyo), were used as the
grinding aids. These compounds are referred to as the
Ti- and Si-base aids.

Each sample (0.7kg) was ground at a vibration speed
of 1300rpm in a 2/ alumina pot with a grinding medium
of 2kg of 20mm-diameter alumina balls (SSA-995, sup-
plied by Nippon Kagaku Togyo). The grinding apparatus
was a dry type vibration mill (Model MB-1, supplied by
Chuo Kakoki). Ten (10)g of the ground sample was
collected and treated for up to 320h. Charging the
sample into the pot and sample collection were con-
ducted in an atmosphere kept at a RH of 50:5%.

The particle size distribution was measured by a
Nikkiso Microtrack analyzer, after the sample was well
dispersed ultrasonically in a solution with the pH ad-
justed with hydrochloric acid. The specific surface area
was measured by a Carlo Erba Sorptomatic Series 1800,
based on the BET method with nitrogen adsorption.
The angle of repose was measured by a Kuramochi
Kagaku analyzer, in which 25g of the sample was
dropped from a height of 80mm and heaped in a cone in
a RH of 50+5%, and the radius of the bottom area and
height were measured. Each sample, ground for 320h,
was observed with a scanning electron microscope (SEM,
MSM-9, Akashi Seisakusho), to determine the grain
morphologies.

Table 1. Chemical composition and average particle size
of AlLO,; powders.

chemical analysis (wt%)
Al202 Si02 Fez03 Ti02 Na20

powder size(xm)

WA600 99.6 0.02 0.03 tr. 0.2 21.8
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Fig. 1. Effect of grinding aid on ratio of particle size
under 1pm. Ti-alkoxide and Si-alkoxide are
Ti(OC4H,), and Si(OC,H,),, respectively.

The contact angle of each grinding agent with
alumina was measured to estimate the wettability, where
0.1mm? of the sample was dropped on a cleaned alumina
substrate (supplied by Nikko) by a microsyringe was
observed with an optical microscope. The surface
tension was measured by a CBVP type surface tension
meter (Kyowa Kaimen Kagaku A-3).

3. Results and Discussion

3-1. Effects of Grinding Aids

Figure 1 shows the relationship between the content
of particles of under 1pm size (%) and milling time,
indicating the effects of the grinding aids. Each system
containing an aid was characterized by a much faster
grinding rate than the non-aided system, with a much
larger content of fine particles under 1um from the very
start of grinding. Furthermore, the difference between
the aided and non-aided systems became still larger with
time; the contents of the systems with the Si- and Ti-
base aids reached 24% and 27%, respectively in 320h,
whereas that of the non-aided system was 11%, and a
difference as high as 15% was observed between them.
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Fig. 2. Effect of grinding aid on specific surface area
of ALO; powder.

At the same time, the difference between the systems
aided by the different agents was much smaller.

Figure 2 shows the effects of milling time on the
specific surface area of the ground particles, measured
by nitrogen adsorption. The specific surface area also
increased much faster in the aided systems, reaching
about 5.0m?/g in 320h in the aided systems. This
compared with about 2.0m?/g for the particles of the
non-aided system, where the surface area increased
little with time beyond 160h. Thus, the aided systems
had about 2.5 times higher surface area than the non-
aided system. It was further observed that the alumina
particles ground in the presence of the aids adhered
less to the pot walls than the non-aided particles, and
were collected more easily. The latter particles, on the
other hand, started to stick in bulk to the walls in
160h.  This trend was repeated when they were
thoroughly scraped off and then reground. The propor-
tion of the particles adhering to the walls increased
with time, to almost 100% in 320h. This corresponded
to the virtual ceasing of grinding beyond 160h, as
illustrated in Figs. 1 and 2.

Figure 3 shows the angle of repose as a measurement
of the agglomeration/dispersion conditions of the ground
particles. It was essentially constant at 55° with the
non-aided particles, and decreased with the aided par-
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ticles, indicating the enhanced dispersibility of the
particles ground in the presence of the aid. Disper-
sibility during the grinding process is mainly determined
by the surface energy of the particles. In other words,
it may be considered that the apparent surface energy
of the particles rarely decreases while being ground in
the absence of an aid, but does decrease significantly in
the presence of an aid. A decrease in the angle of
repose almost proportional to the milling time might
indicate that the proportion of the aid covering the
particle surfaces increased with the addition rate. The
reason for the low angle of repose of the unground
particles is not known. It might result from the sur-
face treatment during the manufacturing process.
Figure 4 shows the SEM photographs of each sample
ground for 320h. The non-aided sample consisted of a
number of fine, ground particles adhering to coarser
particles.  These finer particles were agglomerated
closely, to cover essentially the entire surfaces of the
coarser particles. In the aided systems, on the other
hand, the coarser particle surfaces were rarely covered
by the finer ones and could be observed clearly, in-
dicating enhanced dispersibility.

It is concluded, based on the above results, that the

newly formed surfaces of higher energy adhere to each -

other during grinding in the non-aided system, whereas
they adsorbed metal alkoxide in the aided system,
reducing the high surface energy.

Thus, the use of metal alkoxide as a grinding aid has
been confirmed to greatly enhance the grinding efficien-
cy and dispersibility.
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Fig. 4. Scanning electron micrographs of Al,O, powder
ground for 320hr with and without grinding
aids.

3-2. Characteristics and Mechanisms of Action of
Grinding Aids

The results of angle of repose and SEM analysis,
discussed in Section 3.1, indicated that the metal alk-
oxides acted as grinding aids by enhancing the disper-
sibility of the ground particles. The angle of contact
as a measurement of the surface tension and wettability
of the liquid on the solid surfaces was determined, in
order to understand how the alkoxide acted. Ag-
glomeration of the ground particles is considered to
result, as illustrated in Fig. 5, from the adhering of the
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Fig. 5. Schematic model of the bonding force by li-
quid.»

newly formed surfaces to each other via the liquid
phase adsorbed on the surfaces, reducing their high
surface energy. It is therefore considered that the
dispersibility of fine ground particles greatly depends on
the difficulty of dividing and separating the adsorbed
liquid phases. Moisture present in the grinding atmo-
sphere may be acting as the liquid phase in the non-
aided system, instead of the metal alkoxide in the aided
system. The force required to divide and separate
liquid phase is represented by the following equations as
a function of the surface tension T of the liquid phase:

In the sphere-sphere case:

b \

F = nb<_c_ #LIE e 1)
_ D
F = mﬁﬁ T )
In the sphere-plane case:
21D
F = Tm(frzT ] (3)

where, b and ¢ are the radii of curvature, D_ is the
particle size, and 8 is the angle of contact between the
particle and the liquid phase at the point of contact.
The surface tension of water is 71.96x10°N/m at
25°C.D  The measured surface tensions of the grinding
aids were 25.0x10°N/m and 24.3x10°N/m for the Ti-
and Si-base types. The surface tension of each aid will
be lower under actual operating conditions, because the
mill temperature is higher than 25°C. The dependence
on temperature is not known, and it was assumed that
their relative values were unchanged in the temperature
range used in this study, ie, a smaller force was
required to separate the agglomerated particles in the
aided systems.

Another point which must be taken into considera-
tion is wettability. Poor wettability of the aid on
alumina will result in a low grinding efficiency because
of an insufficient quantity adsorbed on the solid sur-
faces. The angle of contact, therefore, was measured to
investigate the wettability of the aid. As a result, the
Si-base aid was found to spread over the solid surfaces
showing expansion wettability, whereas the T-base
showed adhesion wettability,® with an angle of contact
of 17.3° (average of ten particles). The wettability of
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both aids on the alumina particles were sufficiently high
to allow them to spread over the solid surfaces.

The effects of each grinding aid are discussed below,
based on the above results. The angle of contact
measured suggests that each aid has sufficient wet-
tability to cover the alumina surfaces in a short time.
In addition, the aid is considered to undergo accelerated
hydrolysis forming butyl alcohol in the presence of
moisture, which is one of the major causes of lowered
dispersability of the particles.  Hydrolysis will be
further accelerated as the alumina surfaces act as the
acid catalytic sites. Alcohol is also known to be a
grinding aid for cement clinkers,” and thus the alcohol
hydrolysis product is expected to also act as a grinding
aid. Butyl alcohol has a surface tension of 24.7x10-
3N/m at 20°C,” which is comparable with those of the
Ti- and Si-base aids.

The residual quantities of TiO, and SiO, in the
samples ground for 320h were 0.09 and 0.06wt%, as
measured from the addition rates. It is necessary to
use a metal alkoxide which is the same as the metal
component of the powder system to be ground, if the
contamination level is a problem.

4. Conclusions

Metal alkoxides were used as aids for grinding
alumina in a dry system.
1) Use of a metal alkoxide increases the grinding ef-
ficiency, and allows the production of fine particles of
good dispersibility.
2) Each aid is considered to accelerated grinding and
enhance the dispersibility of the ground particles by
reciprocal effects resulting from the low surface tension
of the aid itself and the removal of moisture, which has
a high surface tension and acts to agglomerate ground
particles, through hydrolysis forming butyl alcohol with
a low surface tension.
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Acoustic emission signals of sintered mullite were mea-
sured in 4-point bending tests. The specimens were
prepared from a high-purity mullite powder and sintered
at 1650°C for 2h. The 2ch AE signals were detected by
the piezoelectric sensors on the both end surfaces of 4-
point bending specimens (3mmx4mmx38mm). Detected
waves were recorded in a digital wave memory, and
then analyzed with a computer to obtain AE location
and cumulative AE counts data. In addition, the SEM
fractography and the fracture mechanics evaluation were
carried out to determine the fracture origins. The
experiments revealed the relationship between types of
fracture origins and AE signals, and new fracture mo-
dels were proposed to explain the experimental results.
[Received September 27, 1989; Accepted November 22,
1989]

Key-words: Acoustic emission, Mullite, Fracture origin,
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1. Introduction

1

Mullite (3Al1,0,+28i0,) is now of considerable inter-
est as a possible replacement for alumina as a high-
temperature structural material. The high-temperature
properties of mullite were first reported by Pask et al.l
However, it has a lower fracture toughness than alumina
and other ceramics, which has prevented its use in
practical applications. To carry out successful studies
to develop composite materials with high toughness, an
understanding of its fracture mechanism is necessary.
The defects that act as the fracture origins in ceramics
are classified into surface defects and internal defects.
The defects are also classified into crack-type defects
and pore-type defects according to their shapes.

The important area in the study of the fracture
mechanism of ceramics is the detection and evaluation
of microcracks formed during the time when the frac-
ture origin develops into the final fracture. To inves-
tigate this problem, several nondestructive testing
methods have been used. The acoustic emission (AE)
method, one nondestructive test, is expected to be
particularly effective because it can trace the fracture
process and supply much information that other non-
destructive tests cannot. The AE method has previously
been used for the study of the relationship between
strength and AE signals,*>® the relationship between
crack progress and AE signals in DT test,’8%10 the
indentation test,'%111213) and the SENB test#!®) for
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ALO, and Si;N,. No use of this method for tests on
mullite has been reported.

To understand the fracture mechanism of brittle
materials like ceramics, it is necessary to trace the
growth process of a crack. For this purpose, the
following three evaluation steps are important.

1) Initial defect detection by nondestructive testing
before destructive testing.

2) Nondestructive detection of defect formation and the
growth process during loading.

3) Defect evaluation by observing the fracture surface.

In the present study, the 2nd step was carried out
using the AE method and the 3rd step was carried out
by SEM observation. The acoustic emission signals of
sintered mullite were measured during 4-point bending
tests to investigate the relationship between the frac-
ture origin and the AE properties. By combining the
results of the AE study with the information from the
fracture surfaces observation, the fracture process of
mullite could be more clearly understood.

2. Experimental Procedure

2-1. Specimen

High-purity mullite powder was uniaxially pressed in
4x5x50mm dies, and then the green compacts fired in an
electric furnace at 1650°C for 2 hours. The specimen
was machined into a JIS 4 point bending test piece
measuring 3x4x38mm, with the surface ground by #1200
diamond abrasive. The edges were chamfered by 0.2mm.

2-2. JIS 4-point Bending Test

The 4-point bending test specified by JIS R1601-1981
was performed while acoustic signals were measured
simultaneously with the system shown in Fig.1.

The 4-point bending test was performed in air at
room temperature by using an autograph testing ma-
chine DCS-R-500 (Shimadzu Corporation), with upper
span 10mm, lower span 30mm, and crosshead speed
0.04mm/min. A 0.08mm-thick teflon tape was placed
between the bending jig and the sample to reduce
external mechanical noise to improve the AE measure-
ment.

2-3. Fracture Toughness Test
The SEPB (Single Edge Precracked Beam) method

was used to measure the fracture toughness. In this
method, a precrack was introduced in a JIS test piece



Y. Yamada and T. Kishi

AE Sensor

Pre.Amp. | Wave Memory !

(72dB) Trlgger

aE9600 kepiex wpzie - misc |

AE Processor Computer

Fig. 1. Block diagram of 2-channel acoustic emission
detection and recording system.

of 3x4x38mm by the bridge-indentation (BI) method, and
then the 4-point bending test was performed. The

fracture toughness value was then calculated from
Eq.(1).10

3P(L,

- v Sl

Y = 1.99-2.47(a/W) + 12.97(a/W)?- 23.17(a/W)?

+ 24.80(a/W)*

where, Breaking load
External span
L, :. Internal span
b :  Width of test piece
W .
a

P
L

Height of test piece
Pop-in crack length

2-4. Observation of Fractured Surfaces

The fracture surface of the sample was examined
with a scanning electron microscope (Hitachi S-450) to
determine the fracture origin.

2-5. AE Measurement

Since the AE signals generated by ceramics are often
weak, an AE sensor with high sensitivity and wideband
response was needed for the AE measurements. Before
the experiment was started, a preliminary test was made
by using a commercially available wideband AE sensor
(PAGC; Picosensor). The preliminary test indicated that
few AE signals were measured. Therefore, a newly
developed AE sensor'® was used, the construction of
which directly connects an amplifying device to a highly
sensitive piezoelectric device (Fuji Ceramics) to reduce
the noise, which improved the signal-to-noise ratio by
about 13dB compared with conventional AE sensors.

The AE recording was carried out by the system
shown in the block diagram inFig.1.

The highly sensitive AE sensors with built-in pre-
amplifier were attached to both longitudinal ends of the
test piece. Triggering was done by an AE processor
(AE 9600 NF Circuit Block). The waveform detected
was stored in a digital wave memory (AE9620), trans-
ferred to the computer (HP310, Hewlett-Packard Co.),
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and recorded on a floppy disk. The wave memory had a
sampling time of 50ns, a voltage resolution of 10 bits, a
recording length of 2 kwords for 1 event, and a dead
time (waiting time for data processing in the wave
memory) of 10ms.

2-6. Locating Method and Accuracy

Noise and AE signal were discriminated by directly
observing the detected waveform. The discrimination of
mechanical noise and AE signal was achieved by striking
the surface of a test piece prepared for testing, or by
recording pseudo noise waveforms caused by rubbing
against the jig and comparing them with the recorded
waveform. Figure 2 shows typical AE signal and noise
waveforms.

Next, the AE location was determined, by studying
the recorded waveforms, and measuring difference in
times between the two channels obtained by using the
first peaks (first compression wave: longitudinal wave)
at each AE event as shown in Fig. 3, and by using the
longitudinal wave sound velocity of 7600m/sec obtained
separately.
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Fig. 4. One example of time error. The time error
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threshold level.

This location method is more accurate than the
conventional method in which a commercially available
measuring device has been used. The method in which
the arrival time is when the signal input exceeds the
threshold level and the time difference of two channels
is determined has the problem of possible shifts in
detection time caused by the signal level (Fig.4).

When the signal level is close to the threshold level,
the signal that is first detected is not always the
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longitudinal waves for both channels, but possibly
longitudinal and transverse waves or transverse waves.
This sometimes causes a time error amounting to several
microseconds, which poses a problem in determining the
AE location. The method adopted in the experiment, in
which only the longitudinal wave is dealt with, is
advantageous for solving this problem.

With this method, the accuracy in the arrival time
difference is 0.1us to 0.2ps, about 0.4 to 0.8mm in
actual distance when the time resolution is 50ns and the
response properties of the sensors are nearly the same.

3. Results and Discussion

3-1. Mechanical Properties and Observation of Fracture
Surfaces

3-1-1. Bending Strength and Fracture Toughness

Figure 5 shows the Weibull plot of 4-point bending
strength testing of nine test pieces including three test
pieces subjected to AE measurement. The mean bending
strength was 182MPa, and the shape parameter m was
10.3. The fracture toughness value K- obtained by the
SEPB method was 1.6MPa/m.

=)

1

lnln(1

e No.3

1 | |
5.0 5.1 5.2

In(é6/MPa)

Fig. 5. Weibull plot of 4-point bending strength and
fracture probability F (mean-rank method:
F,=i/(n+1)).
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Fig. 6. SEM photographs of fracture origins.
No.1isa surface pore, No.2 is an inner pore. No.3is a surface crack.
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Fig. 7. Positions and estimated sizes of each fracture
origin on fracture surfaces based on SEM
observation.

3-1-2.  Determination of Fracture Origin by Observa-
tion of Fracture Surface

The fracture surfaces of the three test pieces sub-

jected to AE measurement were observed with a scann-

ing electron microscope. The possible fracture origin

was determined on the basis of undulation and ir-

Table 1. Calculation of K; values for fracture origins.

Sample a c 8 bare Y Ky
No. m m MPa MPa MPaml/2
1 40 40 196 196 0.66 1.5
2 112 112 176 130 0.64 1.6 min.
154 210 176 130 0.73 2.1 max.
3 61 112 157 157 0.86 1.9 min.
72 185 157 157 0.94 2.3 max.

Krc = 1.6 MPan'/2 ( SEPB )

regularity of the fractured surface, defect size, and
other factors.!”) The SEM photographs of the fracture
origins are shown in Fig. 6. A crack or pore on the
surface or just under the surface was judged to be the
fracture origin. Figure 7 shows schematically the sizes,
shapes, and positions of the defects which were the
probable fracture origins.

The defect in No.1 sample in the figure was a pore,
whose shape was estimated to be a semielliptical crack.

The defect in No.2 sample was an internal pore.
Since the shape was intricate, the defect was assumed
to be an elliptical crack, and the estimated maximum
and minimum sizes were measured.

The defect in No.3 sample was a surface crack. The
maximum and minimum sizes were measured.

As can be determined from the photographs, it is
likely that microcracks were formed near the defect and
grew to the critical crack size in all samples.

3-1-3. Evaluation Based on Linear Fracture Mechanics

The stress intensity factor K; at the crack tip during
fracture was calculated from the following equation on
the basis of information about the size, shape, and
position of the defect obtained in the preceding section
by assuming the bending fracture stress to be the
critical stress, based on linear fracture mechanics. The
results of the calculations are shown in Table 1.

47



Vol.98 288
W
No.1
2l . . s .o LY
1 . . . % o o8 oo |
91 L. .
| ° .
|
Ob———————+—
£
£ t No.2
C i+ .- o -:vboo- oo ® o VNG -
2 19} , MR
g iy
O
o)
i
0 —t—t
-No.3 1
19} -
= . RTINS -]
O L 1 1 1 1 1 1 1 1
0 05 1.0 15 20 25
Load / 100N

Fig. 8. AE source location as functions of load.
No.1: wide distribution
No.2: local
No.3: wide then local
® : one AEevent « : failure site
: inner span

K; = Yo./ma,

where, Y is the shape correction factor.

In this calculation, the defects in No.1 and No.3
samples were assumed to be surface defects, while the
defect in No.2 sample was an internal defect. For the
defect in No.2 sample, the tensile stress at the pore
center during fracture (o.) was used for the calcula-
tion. The shape correction factor was determined in
accordance with the “Stress Intensity Factors Hand-
book.”2)

As seen from Table 1 the K values are close to the
K¢ values obtained earlier, though they differ some-
what according to how the size of the initial crack was
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estimated. This discussion suggests that the defect
found in the SEM observation of fracture surface was
the fracture origin, which then caused fracture.

3-2. Evaluation of Fracture Process by the AE Method

The results described in 3-1 were based on informa-
tion obtained after failure. It is not known what
changes occurred in the material in the actual fracture
process. It is also not known how the shape of the
fracture origin affected the fracture. The solution to
these problems was investigated by the AE method.

The cumulative AE counts, AE source location and
amplitude were investigated for each defect.

Figure 8 shows the AE source location as a function
of the load on each sample. The ordinate represents
the AE source location in the longitudinal direction of
the test piece. The loading rate was constant because
the use of a displacement-restricted testing machine
prevented the plastic deformation of the test pieces.

In No.1 sample, AE signals were scattered over the
high-stress zone in the middle of the test piece. In
No.2 Sample, AE signals occurred at nearly the same
position during the time from the start of signal emis-
sion to the final failure. In No.3 sample, AE signals
occurred in a wide range in the early stage, and just
before the failure, AE signals were focussed at the
fracture position. This result indicates that the frac-
ture mechanisms differed in No.1, No.2 and No.3 sam-
ples.

Figure 9 shows the total AE event count as a func-
tion of load. Figure 10 shows the AE amplitude dis-
tribution as a function of load. The amplitude was
determined from the initial peak voltage used in locat-
ing the AE source. One volt was taken as 100dB for
the wave memory input. As seen from Fig.9, many AE
signals occurred just before the final failure. It is seen
from Fig. 8 that these AE signals occurred at the
fracture position. Figure 10 indicates that many small-
amplitude AE signals occurred just before the final
failure on No.2 and No.3 samples (the zones enclosed by
the dotted line in the figure). Since the amplitude of
the AE signal is considered to be proportional to the
size of the microcrack, cracks of relatively small size
are likely to be formed. On No.1 sample, these signals
were not found.

3-3. Model of Fracture Process

The above results were studied together with obser-
vation results of fracture origins, and the modelling of
the fracture process in the material was proposed.

1) In No.1 sample, in which a surface pore was the
fracture origin, many small defects distributed in the
test piece formed microcracks, which resulted in the
independent occurrence of AE signals in a wide range.
The pore, which was the largest defect, grew slightly
when the final failure occurred. Such a round and
smooth pore caused fracture without the occurrence of
continuous and concentrated AE events because local
stress concentration was less prone to occur. A pore
which causes fracture is here called an “inactive pore,”
when a crack grows only slightly.

2) In No.2 sample in which an internal pore was the
fracture origin, fracture did not occur immediately in
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Fig. 9. Total AE event counts as functions of load.
No.1 and No. 2 show slow increase. No.3 shows
slow increase then rapid increase.

spite of the concentrated occurrence of AE signals at
the fracture origin under low loads. This process is
greatly different from that in No.l sample. Although
there are several possible reasons for the long-term
occurrence of AE signals, one reason based on consider-
ing the results of SEM observation is that, as shown in
Fig. 11, microfracture first occurred in the high stress
concentration zone around the defect, resulting in the
development of the crack. The crack, however, grows
stably because it has a shape like a chevron notch.
Also, since many small pores are distributed around the
defect, the crack is temporarily blunted when the crack
tip reaches these small pores, and the development of
the crack stops temporarily. The repetition of this
process causes the defect to gradually grow until the
defect grows to the critical size causing unstable frac-
ture.
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Fig.10. AE amplitude distribution as functions of load.
Small-amplitude signals were detected just
before failure in specimens No.2 and No.3.

The difference in cracks in the internal and external
zones can be assumed from the observations of the area
around the fracture origin (Fig.12), in which the area
round the fracture origin is greatly inclined in relation
to the main crack surface and is split.

A pore that causes gradual crack growth before the

final failure is called an “active pore,” while the pore
discussed in 1) is called an “inactive pore.”
3) In No.3 sample, a surface crack formed the fracture
origin. In this sample, AE signals occurred in a wide
range under low loads, and concentrated and continuous
AE signals occurred at the fracture position just before
the final failure. This means that although weak areas
in the material are independently fractured in the early
stage, one of the weak areas grows at a certain time,
causing the unstable growth of the crack until final
failure occurs.
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Mullite

Fig. 11. Schematic model of No.2 fracture origin,
showing stable crack growth around initial
pore.

3-4. Correlation Between AE Signals and Defects

The correlation between the types of fracture origins
and AE signal in term of the following AE parameters is
studied.

The AE signal properties discussed as a result of the
experiment are classified as follows:

1) Information about source location

a) Wide distribution of AE signals

b) Local distribution of AE signals
2) Information about total events

a) Rapid increase in total events

b) Slow increase in total events
3) Information about AE signal amplitude

a) Concentrated distribution of small-amplitude AE

signals

b) Random distribution of amplitudes

The relationships between these classifications and
the type of defect are listed in Table 2. The combina-
tion of parameters leads to the estimation of the pro-
perties of fracture origin. This table also indicates that
when the source locations were locally distributed and
small-amplitude AE signals concentrated before the final
failure, some stable cracks (formation and bonding of
microcracks) occurred.

The above-mentioned fracture origins are typical
ones, and the three examples do not represent all
fracture origins.

The AE method can detect microcracks in ceramics
and provide useful information about fracture origins,
although it is necessary to make AE measurements on
many samples and calculate the statistical significance
of the results.

4. Conclusions

To investigate the fracture mechanism of mullite in

which the surface and internal pores and surface cracks
formed the fracture origins, a high-accuracy AE mea-
surement method was developed for 4-point bending
tests. The results are as follows:
1) A highly sensitive AE sensor with built-in pream-
plifier was developed. The device enables the detection
of AE signals occurring before the failure of one order
better accuracy than with the conventional sensor.
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Fig. 12. SEM photograph of No.2 fracture origin.

Table 2. AE properties of fracture origins.

Types of AE property Stable crack, growth

fracture ( Microcracking )

origins Location Total event Amplitude

In-active pore Wide Slow Randon Very few
196MPa increase

Active pore Local Slow Concentrated 308 of ¢
176MPa increase - failure

surface crack  Wide Slow Concentrated ~ 95% of d¢
157MPa 4 i - failure

Local  Rapid
increase

It also enabled discrimination between the AE signals
caused by microcracks and noise and an improvement in
source location accuracy by recording and identifying
the detected waveforms.

2) The correlation between the AE signal and fracture
origin was revealed by analysing the AE signals in terms
of source location change in total events, and amplitude
(signal intensity). In this experiment, AE signals oc-
curred in a wide range for surface pores, small-ampli-
tude AE signals were concentrated on a local area for
internal pores; and small-amplitude AE signals were
observed just before the failure for surface cracks.

3) The use of the AE method showed that the fracture
process of mullite ceramics depends greatly on the
shape of the defect forming the fracture origin, as well
as its size.

(Presented at the Annual Meeting of the Ceramic
Society of Japan, May, 1989)
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Trial Production of ZrQ,/Al;0; Thin Sheet from Zir-
conia Powder/Aluminum Hydroxide Sol System
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A slurry was made from zirconia powder (yttria-stabil-
ized zirconia powder), aluminum hydroxide sol (boehmite
sol), binder and plasticizer, and was formed to green
sheet by the doctor blade method. The green sheet was
sintered in the temperature range of 1300 and 1500°C in
air. The optimum alumina constant to obtain a good
Zr0,/Al,0; thin sheet was 10 - 15wt%. Thin sheet
sintered at 1400°C was characterized by the thickness
of 100um, density of 4.9g/cm’ bending strength of
486MPa, modulus of elasticity of 167GPa, and resistivity
of 2 -4x10'.cm.

[Received October 3, 1989, Accepted November 22, 1989]
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1. Introduction

Recently, zirconia-based ceramics, in particular those
partially stabilized with yttria, have been attracting
much attention because of their high strength and

toughness. Research has been carried out on the mecha- -

nisms involved in the high toughness, as well as the
development of tougher, chemically stabler composite
materials containing zirconia. Zirconia/alumina com-
posites are systems in which the advantages of both
components are utilized, and their structures and
mechanical properties have been discussed by a number
of researchers and are expected to have wide uses in
industry as engineering ceramics.!®)

It is essential to achieve a homogeneous mixture of
starting powders to produce high-quality zir-
conia/alumina composites, as is the case with all other
ceramic types. The starting powders are preferably very
fine, for optimum sintering. Ball milling, one of the
most common processes, has a limited mixing/crushing
capacity, and neutral coprecipitation, hydrolysis and
thermal decomposition are extensively being used to
produce fine, uniform composite powders, to investigate
the sintering and mechanical characteristics of the
products.>') The sinters from mixed powders are
formed by a die or in the presence of an adequate
binder into thin sheets. The mechanical properties of
the thin sheets produced by these methods, however,
are normally not very high, because of the presence of
residual voids between the particles.

In this study, attempts were made to prepare high-
strength, very thin zirconia/alumina composite sheets by
replacing powdered alumina with an alumina hydrate.
Very thin zirconia/alumina composite sheets, containing
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zirconia as the major components, were prepared from a
mixture of finely powdered zirconia partially stabilized
with yttria and boehmite sol (alumina hydrate), to
investigate the structures and strength. Partially stabil-
ized zirconia is well known for its good sinterability.

2. Experimental Procedure

2-1. Preparation and Sintering of Green Sheets

The alumina hydrate (boehmite sol, Mitsubishi Mining
and Cement), prepared by hydrolysis of aluminum alk-
oxide, (7wt% as AL,O;) was mixed with easy-to-sinter
zirconia powder (partially stabilized with yttria, yttria
content 5.46wt%, BET surface area: 28m?/g, average
particle size: 210A, Osaka Cement) in the presence of
an adequate quantity of distilled water. The mixture was
irradiated with ultrasonic waves, to uniformly disperse
the zirconia in the mixture. The dispersed solution was
stirred and heated, then methyl cellulose binder was
added when the temperature reached 70° to 80°C. A
polyethylene-base plasticizer was further added, and the
mixture was allowed to cool to room temperature, after
having been thoroughly stirred. The slurry thus prepared
was defoamed and the viscosity adjusted under a vacuum
so that it flowed slowly out of the container. It was
then formed into sheets by the doctor blade method.
The space between the blade and sheet was adjusted to
give a sheet thickness of 0.1 to 0.3mm. The sheets were
allowed to stand at room temperature to dry. It was
found, after many trials, that the optimum mixture to
provide good green sheets consisted 100 parts of alu-
mina which corresponded to boehmite sol and 80 parts
of the binder and plasticizer. The green sheet, after
having been cut into a suitable size, was sintered at
1300°, 1400° or 1500°C in air, supported by an alumina
setter. It was heated at 2°C/min and kept at a given
temperature for 1h.

2-2. Analytical Procedures

The density was determined by cutting the sintered
sheet into small pieces to measure the density with a
Gay-Lussac pycnometer using n-butyl alcohol at 20°C.

The fracture surface, coated with gold, was observed
with a SEM image analyzer accessory unit of an
electron microscope (JOEL-JEM-1200EX).

X-ray measurement was made using CuKa radiation in
a diffractometer (Rigaku Denki) equipped with a mono-
chromater (Rigaku Denki R4-200).

The bending strength was measured by the 3-point
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30 mm

Fig. 1. Appearance of (a) green sheet prepared from
yttria-stabilized zirconia powder /boehmite sol
system and (b) thin sheet sintered at 1400°C.

bending test using an autograph (Shimadzu AGS-50A),
with 20mm span and 0.Smm/min crosshead speed. The
as-sintered body, cut out of the green sheet, was used
as the specimen. It was 6 to 7mm wide, 32 to 33mm
long, and 0.1 to 0.2mm thick. Bending strength (o) and
modulus of elasticity (E) were calculated by the follow-
ing equations (JIS R1601 and R1602):

o = 3PL/2wt?
E = LP/4wtly

where P is the maximum load under which the specimen
is broken, L is the distance between the fulcrums, w is
specimen width, t is specimen thickness, and y is dis-
placement.

A In-Ga alloy electrode layer was spread on the
specimen and the resistivity (p) was measured by the 2-
terminal dc method using a digital multimeter (Takeda
Riken Kogyo) as the following equation:

p=RA/I

where R is resistance, A is area and I is thickness of
the specimen.

3. Results

3-1. Sintering of Green Sheets

The high strength of the zirconia/alumina composite
sheet was reached as expected at a high concentration
of zirconia. The green sheets were prepared containing
varying quantities of zirconia in a range from 50 to
100wt%. 1t is essential to prepare a suitable slurry when
a good green sheet is to be produced by the doctor
blade method. A mixture of powdered zirconia and
boehmite sol cannot be made into a good green sheet
without binder. There are variety of water-base binders
for the doctor blade method,' but methyl cellulose was
selected because of its compatibility with both boehmite
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Fig. 2. Bulk density of ZrO,/Al,0, thin sheet.
o :Zr0,/Al,0,=90/10,
o :Zr0,/AL,0,=85/15

sol and zirconia. In addition, a polyethylene-base plas-
ticizer was used, to improve the rheological properties
of the slurry and to provide flexibility to the green
sheet. It was necessary to add fairly large quantities of
the binder and plasticizer to the zirconia/boehmite
system containing a high concentration of zirconia in
order to produce good green sheets which did not crack
when dried. They were sintered at 1300° to 1500°C; a
temperature range in which boehmite is transformed into
a-alumina.'”

The mixtures containing 85wt% and 90wt% of zirconia
were sintered into good green sheets. Figure 1 shows
the outer appearance of the sheet before and after
sintering. The sintered sheet was white in color; the
upper face, which was in contact with air while the
green sheet was prepared, had a luster and the lower
face, which was in contact with the film while the
green sheet was prepared, had no luster. Area shrinkage
by sintering (S,-S,/S; x 100) was 38 to 41%. Figure 2
shows the effects of sintering temperature in a range
from 1300° to 1500°C on green sheet density. The green
sheets containing 85 and 90wt% of zirconia had densities
of 425 and 4.9g/cm’ respectively, when sintered at
1400° and 1500°C. The density of those sintered at
1300°C tended to be lower. These results suggested that
the sinter was adequately densified at 1400°C. As the
densities of zirconia and alumina are 5.49 and
3.98g/cm’, the above densities correspond to 81% and
92% of the theoretical, indicating that the sinter con-
taining 90wt% of zirconia was more densified.

3-2. X-Ray Diffractometry
Figure 3 shows the X-ray diffraction patterns of the
sinters prepared at 1400°C. Those of the green sheet

consisting of zirconia only and the green sheet in which
boehmite sol was sintered as a dry gel are also shown
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Fig. 4. SEM photographs of fracture surfaces of ZrO
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,/ALO; thin sheets prepared by mixing in

various ratios and sintered at 1400°C (a,b,c,d) and at 1500°C (a’, b7 6% %)

aa’: Zr0,/A,0,=100/0, b,b’: ZrO,/Al,0,=90/10,
c.c': Zr0,/A,0,=85/15, d,d’: ZrO,/AL0,=0/100
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Fig. 3. X-ray powder diffraction patterns of ZrO,/Al
20; thin sheets prepared by mixing in various
ratios and sintered at 1400°C.

a: Zr0,/Al,0,=100/0

b: ZrO,/A,0,=90/10

c: ZrO,/Al,0,=85/15

d: a-Al,0, from boehmite gel
e: Boehmite gel

for comparison. The diffraction peaks of zirconia, shown
in Fig. 3a, were the same as those of tetragonal zir-
conia. The diffraction lines of boehmite gel, shown in
Fig. 3e, changed significantly by sintering at 1400°C, as
shown in Fig. 3d, indicating that it was transformed
into e-alumina. The diffraction patterns of the sinters
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containing 90 and 85wt% of zirconia (Figs. 3b and 3c)
had the peaks of tetragonal zirconia and a-alumina
overlapped with each other. The peaks due to a-alumina
were very weak, as anticipated from the presence of
high concentrations of zirconia.

3-3. Observation of Structure

Figure 4 shows the fracture surface structures of the
composite sheets sintered at 1400 and 1500°C. The
structures of the sinters consisting of zirconia only and
the sinters in which boehmite sol was sintered as the
dry gel are also shown (Figs. 4a, a’, d and d’). The
zirconia sinter prepared at 1400°C (Fig. 4a) consisted
essentially of particles of 0.3 to 0.4pm. Crystallization
was accelerated when the temperature was increased to
1500°C, making the grains angular (Fig..42’). e-alumina
from the boehmite gel, on the other hand, was porous
when sintered at 1400°C, and the grains were partially
connected to each other. The grains grew when sintered
at 1500°C, but the structures contained a considerable
quantity of voids and was not sufficiently monolithic.
These observation results indicated that, in the prepara-
tion of the zirconia/alumina composite ceramic from the
mixture of powdered zirconia and boehmite sol, increas-
ing the zirconia content lowered the temperature at
which the composite system could be sintered.

The structures of the sinter containing 90wt% of
zirconia (Figs. 4b and b’) resembled those of the system
consisting of zirconia alone (Figs. 4a and @) in that
they consisted of granular particles of relatively uniform
size. The grains of the former system, however, did not
because angular with crystallization as did those of the
latter, and remained granular, even when sintered at
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Table 1. Three-point bending strength and elastic
modulus of ZrO,/Al,0; thin sheet.

Composition Sintering ten. Bending strength FElastic modurus

_ 77(1(75{2 o (T) (¥Pa) (GPa)
2r05/41504=80/10 1300 310 139
1400 486 187

1500 433 138

7r0,/A1,05=85/15 1300 227 158
1400 387 145
1500 369 139

Zr0,/41505-0/100 470 284

These values are the average of Lhree measurements.

1500°C. No further grain growth was observed. the
structures of the sinters containing 85wt% of zirconia
(Figs. 4c and ¢’) were not so clearly granular as those
of the systems containing 90wt% of zirconia, but on the
whole angular.

3-4. Strength Tests

Table 1 gives the 3-point bending strength and
modulus of elasticity of the alumina/zirconia composite
sheets. Also shown are the properties of a 99.9wt% pure,
100pm thick alumina sheet (produced by Mitsubishi
Mining and Cement). The results of sintering tempera-
ture show that sintering at 1400°C gave the highest
bending strength and a high modulus of elasticity. At
1500°C, on the other hand, the bending strength was
lower, though changes in modulus of elasticity were not
clear. As for the effects of zirconia content, bending
strength was higher at 90wt% of zirconia than at 85wt%.
However, no difference was observed in modulus of
elasticity between these samples.

As shown in Table 1, the sheet with the highest
strength was prepared at a zirconia content of 90wt%
and a sintering temperature of 1400°C. Its bending
strength and modulus of elasticity were 486MPa and
167GPa. It compared favorably in bending strength and
had about half the modulus of elasticity of the alumina
sheet prepared by the sol-gel process.

3-5. Resistivity

The composite sheets containing 85 and 90wt% of
zirconia had resistivities of 4 to 6x10 -and 2 to
4x10'20.cm, respectively. Their resistivity was essential-
ly constant, irrespective of the sintering temperature in
a range from 1300° to 1500°C.

4. Discussion

Partially stabilized zirconia in which several mol% of
yttria is dissolved in zirconia to form a solid solution is
tetragonal (metastable phase) up to room temperature.
The tetragonal phase is transformed into the monoclinic
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in the presence of an external force, to relax the
stress,”) a characteristic which makes partially stabil-
ized zirconia a strong and tough material. However, it
loses strength at high temperatures, and also at 200° to
300°C because of the phase transformation. These
phenomena greatly hinder extensive industrial applica-
tions of the material.’®®  Alumina, on the other
hand, is chemically stable, and loses little strength at
high temperature. Therefore a high-strength, high-
toughness ceramic material is expected to be developed
by combining partially stabilized zirconia and alumina,
and a number of researchers are studying the pos-
sibilities of the composite materials from various angles,
including synthesis of the mixed powders and develop-
ment of improved sintering processes.

In this study, a slurry mixture of partially stabilized
zirconia, alumina hydrate, binder and plasticizer was
prepared and formed into a green sheet by the doctor
blade method, and sintered to produce a zir-
conia/alumina composite sheet. A very thin sheet which
did not crack when dried was prepared by increasing
the zirconia content to 85 to 90wt%. It had a bending
strength of 370 to 486MPa and a modulus of elasticity
of 140 to 167GPa. It is reported that a zirconia/alumina
composite prepared by pressing the starting powder
mixture and sintering it at 1500 to 1600°C under at-
mospheric pressure has a bending strength of 600 to
700MPa and a modulus of elasticity of 250GPa at a
zirconia content of 90wt%.!) The lower mechanical
properties of the composite sheet prepared by the
doctor blade method in this study may not result from
the problems associated with zirconia-alumina joining,
based on the structure observations (Figs. 4b and b’),
but mainly from insufficient densification. A binder or
plasticizer will leave behind voids or pores in the
composite system, when vaporized during the sintering
process, and densification is prevented as their content
increases.

It is accepted that, in general, a zirconia/alumina
composite has increased bending strength but decreased
modulus of elasticity, as the zirconia content in-
creases.'?®) Some researchers have suggested that
fracture toughness K- decreases slightly with zirconia
content, and the Vickers strength is particularly high at
a zirconia content of 85 to 98%.81) It has also been
reported that the addition of alumina contributes to the
stabilization of the tetragonal phase of partially stabil-
ized zirconia.?® Therefore, the composite sheets con-
taining 85 to 90wt% of zirconia, prepared in this study,
are expected to be strong and hard, to have low
modulus of elasticity and be chemically stable. These
properties are of vital importance for very thin sheets.

4. Conclusions

80 to 300pm thick zirconia/alumina composite sheets,
containing 85 to 90wt% of zirconia, were prepared from
a mixture of partially stabilized zirconia powder, boeh-
mite sol, binder and plasticizer. The composite sheet
sintered at 1400°C, which contained 90wt% of zirconia,
had a density of 4.9g/cm? bending strength of 486MPa,
modulus of elasticity of 167GPa, and resistivity of
4x10'2Q. cm.
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Preparation of Ytterbium Iron Garnet Powder by
Homogeneous Precipitation Method and Its Sintering
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Yb,0;-Fe,0, powders were prepared from ytterbium and
iron chloride solutions by a homogeneous precipitation
method where urea was used as precipitant. The pre-
cipitation process was carried out stepwise. At first
the iron hydroxide was precipitated and then the ytter-
bium hydroxide was formed. In the firing process of
precipitated powder the ytterbium orthoferrite was
formed initially from the iron oxide and ytterbium
oxide, and monophasic ytterbium iron garnet was ob-
tained above 1200°C. The reactivity and sinterability of
the powder obtained by the homogeneous precipitation
method were better than that of oxide mixture. The
ytterbium iron garnet contained up to 0.1 to 0.2mol%
iron oxide in excess of the stoichiometric composition.
[Received October 16, 1989; Accepted November 22,
1989]

Key-words: Synthesis, Homogeneous precipitation
method, Sintering, Urea, Yb,0,, Fe,0,, Garnet

1. Introduction

Iron garnet containing rare earth elements such as
yttrium has been widely studied to investigate the
crystal growth and magnetic properties because of its
potential use as a photomagnetic material or magnetic
bubble storage.’ Yttrium iron garnet is the principal
compound, for which a number of properties such as
electric conductivity and defect structure have been
investigated in addition to the magnetic properties.??
Also, numerous attempts have been made to replace
yttrium by another rare earth element (a typical ex-
ample is (Tb,Yb);FesO,,) to improve the magnetic
properties.  To understand this mechanism, it is
necessary to obtain fundamental data on defect struc-
tures and other properties; however, there is not enough
such data for iron garnet containing rare earth elements
other than yttrium.

It is known that a solid solution region of about
0.5mol% lies on the Fe,O; side for yttrium iron gar-
net However, detailed studies on the solid solution
of iron garnet containing elements other than yttrium
have rarely been carried out. The authors investigated
the defect structure of garnet with such a narrow solid
solution region by taking Yb,0,-Fe,0; as an example.
For this material, an adequate homogeneity of the
sample must be maintained. The homogeneous precipita-
tion method was used where urea was a precipitant to
ensure the uniformity of the composition in this experi-
ment, although the decomposition of nitrate mixtures or
coprecipitation has been used for this purpose for

Y,0;-Fe, 0,56

In the homogeneous precipitation method using urea,
the precipitant is formed by the hydrolysis of urea in
solution by heat. With this method, the particle size
and shape can be precisely controlled by controlling the
hydrolysis rate of urea. Fujita et al. obtained Zn,SnO,
powders by this method.” This precipitation method
can also be used for synthesizing multi-oxide powders
other than single-oxide powders.

This report discusses the effect of the conditions
under which Yb-Fe hydrates are prepared from Yb and
iron chloride solutions using urea on the size and
composition of the precipitated powder, as well as the
phase relationships and sinterability of powders obtained
by firing the precipitated powder.

2. Experimental

2-1. Precipitation

The required quantities of high-purity iron oxide
(99.999%) supplied by Fuji Chemicals and ytterbium oxide
(99.99%) supplied by Nippon Ytterbium (the impurities
contained in these materials are listed in Table I) were
weighed and dissolved in high-purity concentrated
hydrochloric acid for analysis (supplied by Wako Pure
Chemical Industries, Ltd.) of 1.4 times the theoretical
quantity. This solution was used as the starting solu-
tion.

The starting solution was diluted with water in a 1/
quartz beaker to achieve a metal chloride concentration
of 0.034 to 0.16M and a total quantity of 300m/. The
reason for using a quartz beaker was that it has higher
alkali resistance than the conventional borosilicate glass

Table 1. Chemical impurity in raw materials (wt. ppm).

Fe,03
Zn 0.67 Cu 0.13 Pb 0.84 Ag 0.48 Co 0.74
Ca 1.44 Ni  0.92 Al 0.86 Mg 1.36 si 4.35
Yb203
Ce <10 Th <10 py <10 Tm <20 Lu <50
Ca <10 Fe <5
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type and is attacked less by solutes in hot water. To
this diluted solution 38 to 75g urea (superhigh-purity
urea from Schwartz/Mann, 2.1M/! to 4.16M/I) was added.
This solution was heated from room temperature to 95
to 100°C with stirring by a magnetic stirrer.  After
being kept at that temperature for a prescribed time, it
was poured into 1/ cold water. After water was added
to 2/, the solution was allowed to stand for 15 minutes,
and then suction filtered. The precipitate was washed
with deionized water, dried at 140°C for 48 hours, and
ground in a high-purity alumina mortar to prepare the
powder.

The prepared powder was calcined in air for 4 hours
at various temperatures, and further ground and mixed
to prepare powders for sintering.

2-2, Sintering

The oxide powders were compacted into pellets under
an isostatic pressure of 200MPa, and were sintered in
oxygen at the required rate and temperature for the
prescribed time. Some samples were obtained by rapid
cooling from the holding temperature.

For comparison, the same oxide powders were mixed
in ethanol for 48 hours with a resin ball pot mill, and
then sintered in the same way as the powder prepared
by using urea.

2-3. Characterization of Samples

The hydrate precipitate was observed by a scanning
electron microscope (SEM, Akashi Ionics, ISI-DS130) and
a transmission electron microscope (TEM, JEOL JEM-
4000FX). The particle size of the precipitate was
measured by the light scattering method using laser
light (Brookhaven Instruments Corporation, Particle
Sizer BI-96). The filtrate was analyzed by ICP (Kyoto
Koken UOP-2S). The phases of the sample at each
stage were identified by powder X-ray diffraction
(Rigaku Corporation, Geiger Flex).

Some sintered samples were thermally decomposed
under pressure with sulfuric acid and hydrochloric acid
to separate iron and ytterbium, so that the ratio of iron
to ytterbium was determined by EDTA-Zn back titration.
The composition of the other sintered samples was
determined by fluorescent X-ray analysis by using the
samples subjected to wet analysis as standards. For
this analysis, all the samples were mirror polished to
minimize the error caused by irregularities in surface
conditions.

3. Results and Discussion

3-1. Preparation of Ytterbium Iron Hydrate Using Urea
and Change Caused by Heating

Urea in aqueous solution is hydrolyzed by heat to
form ammonia and carbon dioxide. The carbon dioxide
is evolved from the system as a gas, while most of the
ammonia dissolves in the water solution, increasing the
pH of the solution. Figure 1(a) shows the change in pH
with increasing temperature for a ytterbium iron and
urea solution (Yb/Fe=3/5) that was initially acidified
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with hydrochloric acid. As Kim et al. pointed out,® the
pH value decreases temporarily with increasing tempera-
ture, but the hydrolysis of urea accelerates at about
50°C, when the pH value begins to increase. Under the
conditions used for this figure, the pH value is tem-
porarily stabilized at about 1.6 by the deposition of
iron, and then rapidly increases again. The change in
pH slows down at about 5 because of the deposition of
ytterbium. At about 5.6, the pH value levels off and
the reaction ends. When the sample is allowed to stand
with heating for a long period of time, the pH value is
slightly decreased by the evolution of ammonia.

The yield of each element was determined as the
precipitate in the above-mentioned process by pouring
the reaction solution into cold water to stop the reac-
tion and by analyzing the filtrate. As indicated in
Fig.1(b), the precipitate is not formed by coprecipita-
tion, but hydrates are deposited in multiple steps. It is
therefore concluded that the primary particles consist of
separate elements. When the sample is heated for a
long period of time, some ammonia is evolved from the
system, decreasing the pH value and causing the re-
dissolution of some ytterbium under the conditions of
Fig.1, decreasing the yield. It can be seen from the
above discussion that a precipitate having the same
composition as that of the starting solution is formed
by stopping the reaction about 2 hours after heating.

Figure 1(a) includes the pH value of samples rapidly
cooled to room temperature.  Ytterbium hydroxide
precipitates at a pH value above 7 to 8 at room tem-
perature. To achieve the precipitation of the stoichio-
metric composition, the final pH adjustment at room
temperature is important. Even if the starting solution
is diluted (=0.034mol/!), the precipitation the intended
composition (A{Yb]/[Yb]<0.001) can be attained at a pH
value of about 7.5 to 8. In this case, the pH value can
be adjusted by changing the concentration of urea with
respect to the metallic ions. This is shown in Fig.1(c).
With an increasing concentration of urea, the final pH
value increases and the reaction time is shortened.
When the ratio of metallic ion to urea was kept con-
stant, the change in pH was similar within the ex-
perimental error independent of concentration in this
experiment.

Figure 2 shows the TEM and SEM photographs of
the precipitated powder. As seen from these photo-
graphs, the primary particles of about 200 to 400A
aggregate to form secondary particles. The change in
secondary particle size with pH was determined by the
light scattering method.  The result is shown in
Fig.1(d). This figure indicates that the particles formed
initially have a size of about 300A. These particles are
estimated to be primary particles from the SEM and
TEM photographs. While iron hydroxide precipitates,
the secondary particles grow slowly, but they grow
rapidly with the formation of ytterbium hydroxide. The
process of precipitate growth is schematically shown in
Fig.3. Considering that the size of primary particles
shown in SEM or TEM photographs does not change
greatly, and that the secondary particles grow sig-
nificantly at high pH values as compared with the
volume ratio of ytterbium hydroxide (Yb-
(OH),/Fe(OH);=3/5), the process of precipitate growth is
considered to be as follows. Ytterbium does not form a
coating film on the surface of iron hydroxide, but forms
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Fig. 1. Changes of pH, temperature, precipitate yields and particle size with reaction time.
(a) Temperature and pH changes (metal chloride; 0.16M/I, and urea; 2.1M/I).
(b) Yields of Fe-hydroxide (—--) and Yb-hydroxide (- - - - - ).
(c) pH changes in the solutions with various concentration.
; 0.16M/I metal chloride, 2.1M/I urea.
----- ;0.08M/I metal chloride, 1.0M/I urea.
—-.—.—; 0.08M/I metal chloride, 2.1M/I urea.
—«+—«+—; 0.034M/I metal chloride, 2.1M/I urea.
(d) Change of particle size of precipitated powder (metal chloride; 0.16M/|, and urea; 2.1M/I).

(A)

Fig. 2. TEM, (A) and SEM, (B) Photographs of the precipitated powder (metal chloride; 0.16M/I,
and urea; 2.1M/I).
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Fig. 8. Schematic drawing of precipitation growth.

primary particles independent of iron hydroxide, and the
primary particles of ytterbium hydroxide grow to larger
secondary particles while being incorporated by the
secondary particles of iron hydroxide that have been
formed.  Therefore, the reaction accompanying the
heating of dried sample is the reaction between the
primary particles with different compositions. The final
size of the secondary particle depends on the concentra-
tion of urea, and the particle size decreases with an
increase in urea content with regard to metallic ion.

Figure 4 shows the thermogravimetric curve of
precipitated powder. The thermal decomposition tem-
perature is unclear; water is gradually liberated, and the
decomposition ends at about 700°C. The change in
weight was nearly the same as that obtained by assum-
ing that the precipitate was hydroxide.

The results of powder X-ray diffraction revealed that
the precipitated powder had nearly an amorphous pat-
tern, but a very weak peak that seemed to be caused by
B-FeOOH was observed (Fig.5). Corresponding to this,
the electron diffraction analysis pattern had an amor-
phous spot, though very weak, in the amorphous halo.
It is however inferred from the thermogravimetry that
the quantity is very small. No clear peak appeared in
DTA since the thermal decomposition took place slowly
and the reaction proceeded slowly.

At the time when the thermal decomposition had
almost ended, a peak consisting of orthoferrite and a-
Fe,O, appeared, and the garnet phase did not exist.
When the reaction had proceeded sufficiently at 1200°C
(12h in air), a single phase of ytterbium was obtained.
Compared with the solid state reaction between oxides,
the reaction between solid-state oxides, in which un-
reacted ytterbium oxide and e-Fe,O; orthoferrite phases
remain even at 1200°C, is inferior in reactivity to the
reaction of powder prepared by using urea. The above
discussion suggests that the reaction process of starting
powder prepared by using urea is as shown in Fig.6.
The respective primary particles independently undergo
thermal decomposition, while ytterbium oxide reacts with
iron oxide to form orthoferrite. The remaining iron is
present as iron oxide. As the reaction proceeds further,
orthoferrite reacts with the remaining iron to form
garnet.
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Fig. 4. TG curve of precipitated powder. Dashed line,
theoretical value, assuming the precipitate to be
hydroxide.
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Fig. 5. X-ray patterns of fired precipitated powders
and oxide mixture.
(A) Precipitated powder, P and numbers at right
side denoting precipitate and firing temperature
(in °C), respectively. G, garnet, H, hematite,
Y, ytterbium oxide, P, ytterbium orthoferrite,
and A, -FeOOH peaks, respectively.
(B) Mixture of iron oxide and ytterbium oxide
being the same as the starting materials for
homogeneous precipitation.
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Fig. 6. Reaction process at firing of precipitated pow-
der.
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Fig. 7. Sintered and green densities as a function of
calcination temperature.
---0---; green density, —e—; sintered density.

3-2. Sintering of Powders Prepared by Using Urea

An attempt was made to sinter the powders calcined
at various temperatures. Figure 7 shows the density as
a function of calcination temperature for powders fired
for 4 hours and sintered in oxygen at a rate of 4°C/min
at 1400°C for 12 hours. There is a temperature range
where the sintered density is optimum, as with the
conventional case, though the range is not so clear,
high-density sintered bodies were obtained at tempera-
tures between 800° and 1100°C. For the samples fired
at 1200°C, the reaction produces monophasic garnet, but
the activity has already been lost, no adequate density

Vol.98 301

being attained. If the activity is maintained even
though some unreacted substances exist during calcina-
tion, sintering is not hindered. Figure 8 shows the
relationship between sintered density and temperature
for the precipitated powder and oxide mixture powder
calcined at 800°C. Both the powders consist of mono-
phase garnet at 1400°C as far as the powder X-ray
diffraction pattern shows. When the powder calcined at
a temperature below 1200°C was used as described in
the preceding section, however, a single phase was not
formed in the course of sintering. The major phases
are iron oxide and ytterbium oxide for oxide mixture
powder, while they are orthoferrite and iron oxide for
precipitated powder. For oxide mixture powder, contrac-
tion hardly occurred until 1350°C, and expansion at
1350°C. For precipitated powder, the density increased
suddenly at about 1100°C and reached the theoretical
value at 1400°C. Figure 9 shows an optical micrograph
of a thermally etched surface mirror polished for a
sintered body from precipitated powder. In this micro-
graph, no appreciable voids are observed. For the oxide
mixture, many pores are found, which means poor
sinterability. In addition, Fe,O; phase, which was not
found in X-ray diffraction, was observed, which means
poor reactivity.

To investigate the effect of composition on sinter-
ability, sintered bodies with various compositions were

______________________________ —
7 -
o/
ol
> ®
% B |- /
c
a /o
ar & o0
=270 -0
l l I
1000 1200 1400
Temp. (°C)

Fig. 8. Comparison of sintered densities of the powders
for precipitate and oxide mixture calcined at
800°C.

-e—; precipitate, ---o---; oxide mixture. Dashed
line, theoretical value from the lattice constant.
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Fig. 9. Optical micrograph of thermal etched
Yb,Fes0,, surface sintered at 1400°C for the
homogeneous precipitated powder. (bar=20m)

prepared. The composition was determined mainly by
fluorescent X-ray analysis, by which the composition
percentage can be obtained with an accuracy of about
0.1%. Figure 10 shows the sintered density and grain
size as a function of composition. Sintering was carried
out in oxygen at 1400°C for 12 hours by using powders
calcined at 800°C. The sintered density was determined
by the pore area on a sample surface that was mirror
polished. As seen from the figure, the sintered density
decreased with the change in composition by several
percent, though it was unchanged at the stoichiometric
composition. This is because the different phase de-
posited hinders high densification above 99%. This
tendency has been found in sintered yttrium aluminum
garnet.” The grain size increased significantly at a
composition of about 0.1mol% iron in excess of the
stoichiometric composition. This tendency agrees well
with that of yttrium iron garnet.”

3-3. Solid Solution of Iron Oxide in Ytterbium Iron
Garnet

It is known that yttrium iron garnet contains some
iron oxide in the solid state at high temperatures.®)
For other iron garnet systems, such a solid solution of
iron oxide has not been confirmed. For precipitated
powders that have good sinterability and reactivity, this
solid solution of small amount can be investigated. This
report deals with the solid solution in Yb,0;-Fe,O;
systemn in oxygen at 1400°C. The sample was sintered
in oxygen at 1400°C for 12 hours, and then cooled
rapidly. Rapid cooling was achieved by dropping the
sample onto an adequately cooled copper plate to eli-
minate the effect of water. The phase was determined
by the integrated intensity ratio of X-ray diffraction
peaks from the (420) plane of Yb;Fe;O,, and the (112)
plane of YbFeO, on the orthoferrite side. The diffrac-
tion intensity of YbFeO; was so strong that a phase of
about 0.5% (intensity ratio of 0.6%) could be detected.
Iron oxide does not appear in a powder X-ray diffrac-
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Fig. 10. Sintering and grain growth of ytterbium iron
garnet powder from precipitation as a function
of composition.

-e—; sintered density, ---o---; grain size,
dashed line, stoichiometric composition.

tion pattern even if about 1% is present. Therefore,
the amount of phase was determined by observing mirror
polished surfaces by optical microscopy (the limit is
about 0.1%). The precise lattice constant was deter-
mined by X-ray diffraction with silicon standard, by
using the common method for determining solid solution
limits.

Figure 11 shows the amount of phases as a function
of composition. The calculated amount of deposited iron
oxide in the case where there is no solid solution of
iron oxide is shown in the figure. The curve of ob-
served values is on the iron oxide side as compared
with the calculated value, which means that there is a
solid solution of iron oxide in the ytterbium system like
the yttrium system. On the orthoferrite side, the curve
converges at the stoichiometric composition, which
means that a solid solution is not observed on the
Yb,0, side. Figure 11 suggests that the solid solution
limit of iron oxide is about 0.2mol%.

Figure 12 shows the lattice constants of samples.
The lattice constant was small on the iron oxide side as
in the YIG system.® On the Yb,O; side, the lattice
constant was already constant near the stoichiometric
composition. This means that there is no significant
solid solution on this side as concluded by the observa-
tion of phases. In the YIG system, the lattice constant
and the solid solution amount of iron oxide changed
linearly. Therefore, the lattice constant changes with
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Fig. 11. Amount of second phases as a function of
composition.
---0---; amounts of hematite by means of
optical microscopy, —e—; ratio of ytterbium
orthoferrite (112) plane of X-ray intensity to
ytterbium iron garnet (420).

the solid solution amount of iron oxide by the following
equation:

a = a3, (1-kx)

where, a, is the lattice corstant at the stoichiometric
composition, x is the solid solution amount of iron
oxide, a is lattice constant, and k is the proportional
constant. By normalizing the change of lattice constant
by stoichiometric composition, the above equation is
converted into Eq.(2).

ha/ay = (a-ap)/a, = kx

According to Paladino et al, in the YIG system,
x=0.25%, a=12.3761, and a,=12.3810 at 1400°C. There-
fore, the proportional constant k becomes 1.58x103. In
the Yb,0;-Fe,O; system as well, Vegard’s Law holds.
Assuming that the constant k is not dependent on the
type of rare earth element, the solid solution amount of
iron oxide at 1400°C is 0.13% because Aa/a, in this
report is calculated to be 2.0x10* from Fig.12. This
value may be reasonable, considering the observation
limit of phases of 0.1% in optical microscopy as des-
cribed earlier.

4. Conclusions

Ytterbium-iron hydrate was synthesized by the
homogeneous precipitation method where urea was used
as a precipitant. By using this as the starting material,
the sintering of ytterbium iron garnet and the solid
solution of iron oxide was investigated. The conclusions
are as follows:
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1) The precipitation process was in two steps. At first
iron hydroxide was precipitated. At the later stage
where the pH value was higher, amorphous precipitate
of ytterbium hydroxide was formed. Therefore, the
precipitate was present as a mixture of particles of
hydroxides. The particle size of precipitate was 20 to
50nm at the earlier stage, and 100 to 600nm when the
reaction ended.

2) Monophase ytterbium iron garnet was obtained when
the precipitated powder was calcined at 1200°C. Suffi-
ciently high reactivity was proved as compared with the
oxide mixture.

3) It was found that ytterbium iron garnet contained
0.13 to 0.2% iron oxide in excess of the stoichiometric
composition at 1400°C.

4) The sinterability of the powder obtained by the
homogeneous precipitation method was better than that
of the oxide mixture. The presence of small amounts of
different phases had little effect on the sinterability.

In summary, a sintered body with uniform and almost
theoretical density was obtained in the Yb,0;-Fe,0O4
system prepared by the homogeneous precipitation
method using urea.
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B-sialon with z=1(+4),z=2(+4) and z=3(+4)
Ng,; 2=0 - 4.2, +4: 4eq% excess oxygen over the each
z number) from a powder mixture of a-Si;N,, ¢-Al,0;,
AIN and SiC was hot pressed to produce B-sialon-SiC
composites. The hot-pressed B-sialon-SiC composites
were oxidized in an electric furnace at 1300°C for 100
hours. Bending strength, weight gain, surface roughness
and optical microscopic observation of sintered materials
were carried out after oxidation. The results are
obtained as follows.

(I) The weight gain of the composite decreased slightly
by the addition of SiC.

(2) The bending strength of the composites was slightly
improved after oxidation.

(3) Weight gain of the composites was little increased
as the z number increased, but pitting was observed on
the surface of z=2(+4) and z=3(+4) p-sialon-50wt%SiC
composites.
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1. Introduction

B-sialon has high oxidation resistance and high
erosion resistance at high temperature, and also has an
excellent corrosion resistance against molten metal.
Silicon carbide has a high mechanical strength at high
temperature, and is therefore expected to be a useful
structural material for high temperature use. Sintered
bodies of both materials are being used in advanced
applications such as gas turbine parts and diesel engine
parts, and so the oxidation behavior of these materials
in high temperature environments have been investigated
by various methods. For instance, Hasegawa et al.l?
and Kishi et al.» reported on the oxidation behavior of
sintered B-sialon. Sata et al® reported on the oxida-
tion of powder sialon. Dongliang® reported on the
effect of additives on the oxidation behavior of sintered
SiC.  According to these various reports, cristobalite
and mullite are formed on the surface of sintered sialon
with the progress of oxidation. For sintered composites
of sialon with silicon carbide added, however, there has
been little research published on its oxidation behavior,
except for the report by Kishi et al,® which is the
only one known to the authors.

Sintered materials of -sialon-SiC composite were
prepared by the following process. First, a powder

(SiS-zAlzoz

mixture of a-Si;N,, a-AL,O; and AIN was prepared by
blending these three materials in various ratios to form
the compositions of B-sialon (Siz,ALO,Ng,) with z
numbers 1, 2 and 3, containing excess oxygen by 4
equivalent % over the content required by the z number
(this is expressed here as z=1(+4), 2(+4) and 3(+4)).
Then SiC powder was added to this powder, and the
mixture was hot-pressed to form sintered B-sialon-SiC
composites.

The effect of SiC addition on the- oxidation behavior
of the sintered composite was investigated.

2. Experimental Procedure

2-1. Samples

Table 1 shows the average particle sizes of the
starting powders of &-Si;N,, @-Al,O;, AIN and SiC used
in our experiments. A 500g of powder mixture was
prepared by weighing of a-Si;N,, @-AlL,O; and AIN in
the required ratio to make B-sialon with z=1(+4), and
this mixture was put into a 1/ teflon vessel, A 400g of
ethanol and 30 balls of Si;N, of ISmm in diameter
added, and wet-mixed at 100rpm for 48h. The wet-
mixed powder was dried completely. SiC powder of
average particle size 0.7um was added 5, 10, 15, 30 and
50wt% to make the total weight SOg. The SiC-contain-
ing powder was placed into a 250ml polyethylene vessel,
40g of ethanol with Si;N, balls of 10mm diameter, and
wet-mixed at 130rpm for 24h. Moreover, powder
mixtures of a-Si;N,, ¢-Al,O; and AIN of z=2(+4) and
z=3(+4) containing SiC powder at 50wt% were also
prepared in the same way. The powder mixture ob-
tained was dried under a reduced pressure and used as
the starting material for sintering.

Table 1. Starting powders.

Powder supplier Av.Particle
Size(um)
a -SiaNs | Toyo Soda 0.6
a -Al.03 | Iwatani kagaku 0.8
ALN Toshiba Ceramics 3.0
a -8iC H.C. Starck 0.7
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Fig. 1. Bending strength of sintered materials before
oxidation (@) and after oxidation (%).

2-2. Oxidation Test of Sintered Composites

Each 20g of the starting material was hot-pressed in
a 30x30mm rectangular carbon mold at 1850°C for 60
min under a pressure of 300kg/cm? After grinding the
surface of the hot-pressed material using a #270 dia-
mond grinding wheel, test pieces 30mm length and
3x3mm in a cross section were cut out from the sinter-
ed material. The test pieces were finished by lapping
three faces of each test piece by using a 6um diamond
disk.

For the oxidation test, a test piece was washed by a
supersonic cleaning technique in acetone, and then
placed with the ends on sintered SiC blocks in the
testing apparatus so that the whole test piece was
oxidized uniformly. A Kanthal super furnace (with
inside dimensions of 200x200x200mm) was used for the
oxidation test at 1300°C in air for 100h. For com-
parison, the same oxidation test was carried out with
SC-850, a type of sintered SiC made by Ibiden Co.
After the oxidation test, the weight gain, surface
roughness and three-point bending strength of the test
pieces was measured, and the surface crystalline phases
analyzed by X-ray diffraction method.  Crystalline
phases formed on the surface were identified by X-ray
diffraction analysis by setting a test piece on a jig
made of aluminum. The conditions used for X-ray
diffraction method were applied voltage 40kV, current
30mA, scanning velocity 1°/min, slit widths 0.1 - 1-
0.6mm, and a carbon monochromator used. The surface
of the test piece was observed with an optical micro-
scope, and the surface roughness measured by using a
needle tracer method. The bending strength of the
sintered materials both before and after oxidation was
measured by the three-point bending strength measure-
ment, testing 4 samples for each hot-pressed sinters,
and the testing conditions were span distance 19mm and
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crosshead speed 0.5Smm/min.

3. Results and Discussion

3-1. Bending Strength of Sintered Materials

Figure 1 shows the bending strength at room tem-
perature of sintered B-sialon and sintered B-sialon-SiC
composites before and after oxidation. The bending
strength of the sintered materials tended to show a
slight increase after oxidation, and this trend of streng-
th increase was remarkable when the sintered composite
contained SiC of less than 30wt%. Presumably the
bending strength of these sintered materials increased
after oxidation because SiO, phase or glassy phase was
formed in the oxidation process of the sintered mate-
rials, which made the defects on the surface of sintered
materials less sensitive to fracture. The results ob-
tained of an increase in bending strength of these
sintered materials after oxidation agreed with those
reported by Hasegawa et al.l? The authors had also
previously confirmed the increased bending strength of
sintered Si;N,-50wt%SiC composite after oxidation.”

3-2. Weight Gain and Crystalline Phases of Sintered
Materials after Oxidation

Table 2 shows the weight gain due to oxidation of -
sialon sintered materials with z=1(+4), B-sialon-SiC
composite and commercially available SiC, as well as the
crystalline phases identified in the surface layers of the
materials after oxidation. In the case of sintered
B-sialon, the weight gain after oxidation was
0.24mg/cm?, but in the case of sintered p-sialon-SiC
composite, it gradually decreased to 0.14mg/cm? with an
increase in SiC content. In the case of sintered SiC,
the weight gain after oxidation was 0.00mg/cm?, which
was measured for comparison. This result indicates that
weight gain due to oxidation is lower in the case of
sintered SiC than that of sintered B-sialon and sintered
B-sialon-SiC composite.

Crystalline phases at the surface of the sintered
materials after oxidation were identified as @-SiO,
(cristobalite) in sintered f-sialon and sintered B-sialon-
SiC composites. In the case of sintered SiC, the crys-
talline phase at the surface was also @-SiO,.

Table 2. Weight gain and crystal phases of sintered
materials after oxidation.

Material Weight Gain Crystal Phase
(mg/cm?) after Oxidation

B -Sialon 0.24 a-Si02
2=1(+4)

5wty SiC 0.17 a-Si02
10wty SiC 0.19 a-Si0z
15wt SicC 0.13 a-Si0:
30wty SiC 0.10 a-Si02
50wty SicC 0.14 a -Si02
SiCc(SC-850) 0.00 a-Si02
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Fig. 2. Surface roughness of sintered materials after
oxidation.

3-3. Relationship between SiC Content and Surface
Roughness of Sintered Materials after Oxidation

Both sintered p-sialon with z=1(+4) and sintered
composites of B-sialon with z=1(+4) and various SiC
contents had little difference in surface roughness
before and after oxidation, and the surface roughness
was commonly measured as 0.03um Ray. However, as
shown in Fig. 2, with the increase in SiC content of g-
sialon, the surface condition of the sintered g-sialon-SiC
composite after the oxidation test gradually changed,
with the fine roughness on the surface tending to
decrease, making the surface smooth. As a result, an
increased SiC content in the sintered B-sialon-SiC
composite brought an increased gloss on the surface of
the sintered composite, making the surface shiny. In
contrast, when sintered Si;N,~50wt%SiC composite was
oxidized under the same conditions, no similar shiny
surface was resulted, but instead the surface was rough-
ened and lost its gloss. We have not clarified why the
surface condition of this composite after oxidation
changed with the increase in SiC content, but we
suppose that SiO, formed by oxidation of SiC on the
surface reacted with the aluminum silicate formed by
oxidation of sialon, forming amorphous films on the
surface of the sintered composite, and these films
covered the surface of sintered composite uniformly, so,
this surface became glossy.

3-4. Relationship between z Number in p-sialon and
Surface Roughness of Sintered Materials

Table 3 shows the surface roughness of the sintered
B-sialon-SiC composite after oxidation, in which the z
number of B-sialon was z=1(+4), 2(+4) and 3(+4) and the
content of SiC was 50wt% respectively. Figure 3 shows
microscope observation of the surface of the sintered g-
sialon-50wt%SiC composite after oxidation, in which the
z number of B-sialon was 2(+4) and 3(+4). The surface
roughness of the sintered p-sialon-SiC composite in-
creased with an increase of z number of B-sialon. This
increase in surface roughness was caused by pitting on
the surface of the sintered B-sialon-SiC composites after
oxidation, as shown in Fig. 3. Figure 4 shows a micro-
scope observation of the surface of sintered SiC after
oxidation, which is compared with those of sintered 8-
sialon-SiC composites. It can be seen that the surface
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of the sintered SiC after oxidation was covered by a-
SiO, films and these films were cracked during the
cooling. In the case of sintered g-sialon-SiC composites
after oxidation, the crystalline phase at the surface was
a-Si0,, as in the case of sintered SiC, but no crack
formation was observed.

Table 3. Surface roughness of sintered materials after

oxidation.
Surface Roughness
Material
Rov(um) Rasx(um)

L=1(+4) 0.03 0.19
50wt? SiC

1=2(+4) 0.09 1.05
50wty SiC

2=3(+4) 0.59 3.50
50wty SiC

Fig. 3. Optical microscope photograph of sintered
materials after oxidation.
1) Z=2(+4) + 50wt% SiC
2) Z=3(+4) + 50wt% SiC
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Table 4. Weight gain of sintered materials after oxida-

tion.
Material Weight Gain
(mg/cm?)
7=1(+4)
50wty SiC 0.14
1=2(+4)
50wt% SiC 017
2=3(+4)
50wty SiC 017

Fig. 4. Optical microscope photograph of sintered SiC
(SC-850) after oxidation.

3-5. Relationship between z Number and Oxidation Be-
havior of Sintered Materials

Table 4 shows weight gain after oxidation of various
sintered B-sialon-50wt%SiC composites, with different -
sialon z numbers. It was shown that the weight gain of
these sintered composites became a little greater with
an increase of z number, and that the crystalline phase
at the surface of these sintered composites was always
«-SiO,. In Fig. 3, pitting was not observed on the
surface of the sintered B-sialon-SiC composites, with
z=2(+4) and z=3(+4), but pitting was not observed when
B-sialon had a composition with z=1(+4). Therefore, the
surface conditions of sintered B-sialon-SiC composites
apparently differed depending upon their z number.

According to Kobayashi et al,® the oxidation of
sintered sialon is described by the following equation.

Si&zA]xozNS-z + OZ
+ (3AL,0,-25i0,) + SiO, + N,

They reported that the crystalline phases formed in
oxide films after oxidation of sintered sialon were solid
solutions of mullite and cristobalite, or aluminosilicates
containing these two compositions, and that a higher z
number in sialon, or a higher content of Al and O in
sialon in solid solution, formed a greater amount of
mullite, and a smaller z number in sialon formed a
remarkably high amount of cristobalite. In the case of
our experiments, however, we detected no crystalline
phase of mullite in the oxide films in either sintered g-
sialon or sintered B-sialon-SiC composite.

Hasegawa et al.) reported the results of the oxida-
tion test at 1300°C for 720h using sintered sialon with
compositions of various z numbers from 1 to 4. Ac-
cording to their results, dense phases filled with silicate
glass were formed in the crystal boundaries between
cristobalite and mullite in the case of sialon with a
small z number, but the contents of cristobalite and
glass phases decreased and porous oxide films formed of
fine mullite crystals appeared in the case of sialon with
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a large z number. They reported also that the smaller
the z number, the larger the weight gain due to oxida-
tion observed and the smaller the film thickness formed.

In our experiments using sintered g-sialon-SiC com-
posites, the weight gain of the materials due to oxida-
tion became smaller with the decrease in z number, and
a-SiO, was the only crystalline phase formed at the
surface of the sintered composite after oxidation in any
sintered composites, regardless of the z number in -
sialon and SiC content in the composite, and, in con-
trast to the experimental results of Hasegawa et al. and
Kobayashi et al, the formation of mullite was not
detected. We have not clarified why our results dif-
fered from those of Kobayashi et al. and Hasegawa et
al, but we suppose that these differences might have
been caused by the short oxidation time of 100h in our
test, or by the effect of humidity in the atmosphere
during our oxidation test.

4. Conclusions

Powder materials of -Si;N,, a-AL,O; and AIN were
mixed to form the composition of g-sialon, and then SiC
powder was added to this mixture. This SiC-containing
powder mixture was hot-pressed at 1850°C for 1h under
a pressure of 300kg/cm? to produce sintered B-sialon-
SiC composites. Oxidation tests were carried out at
1300°C for 100h in air obtaining the relationship bet-
ween SiC content and oxidation behavior of the sintered
materials. The results were compared with those ob-
tained by using commercially available sintered SiC.
The results were obtained as follows:

1) 0.24mg/cm? was the weight gain obtained after
oxidation of sintered B-sialon with z=1(+4), but it tended
to decrease with an increase of SiC content in the g-
sialon-SiC composites until it fell to 0.14mg/cm? when
SiC content was increased to SOwt%. Although this
value of 0.14mg/cm? is greater than the 0.00mg/cm?
weight gain of sintered SiC measured for comparison,
we confirmed that the oxidation resistance of g-sialon
could be improved by the addition of SiC to 8-sialon.

2) The bending strength at room temperature of the
sintered materials tended to increase slightly after
oxidation in comparison to that before oxidation.

3) In the case of sintered B-sialon-50wt%SiC composite,
the weight gain of this material due to oxidation in-
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creased slightly with the increase of z number in the 8-
sialon which composed the matrix, and pitting was
observed on the surface of this sintered composite, in
which B-sialon had z numbers of 2(+4) and 3(+4).
Therefore, the oxidation resistance of this sintered
composite decreased with an increase in z number in
the B-sialon.
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Infrared (IR) sensing properties were investigated for a
positive temperature coefficient (PTC) thermistor with a
composition of Bag g, Sr335Cag g40Lag0psTiO0; +
2mol%Si0, + 0.05mol%MnO (the Curie point was 25°C),
operated under the self-regulating heating conditions.
The results were compared with those of a detector
element with the Curie point of 122°C. The sensitivity
operated under the self-regulating heating conditions
measured at various ambient temperatures in the range
from 0° to 30°C was several times larger than that of
the detector element with the Curie point of 122°C.
Lowering the operating temperature of the detector by
using a PTC thermistor with a low Curie point was
shown to be effective for improving the sensitivity.
[Received October 24, 1989; Accepted November 22,
1989]

Key-words: PTC thermistor, Barium titanate, Self-
regulating heating, Low Curie point

1. Introduction

Positive temperature coefficient (PTC) thermistors
are resistors made of semiconducting barium titanate
with large positive temperature coefficients. The resis-
tance increases by several orders of magnitude in the
vicinity of the Curie point, and the temperature coeffi-
cient of resistivity reaches 15 to 100%/K.Y Infrared
(IR) detectors made of PTC thermistors may therefore
be much more sensitive than those made of NTC ther-
mistors, which have been used for many years.?
However, because the large temperature coefficient is
brought about in a narrow temperature range near the
Curie point, the operating temperature of the detector
must be regulated carefully.

One promising method is to use the self-regulating
heating® of the PTC thermistor itself. We reported the
properties of an IR detector made of a PTC thermistor,
the Curie point of which was 122°C, under the self-
regu! ting heating conditions.) It was found that the
PTC thermistor responded to IR radiation under the
self-regulating heating conditions. ~ The sensitivity
decreased with an increase in the temperature difference
between the detector element (in the vicinity of the
Curie point) and the ambience.

We also discussed theoretical expressions for some
IR-sensing properties under the self-regulating heating
conditions in the previous study.? As for the sen-
sitivity (the ratio of the resistance change to the
resistance before irradiation; AR/R), the following
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expression was obtained,

AR/R=anWA/(G+ Vla)
=anWA/G{1+(T-T,)a}

where a is the temperature coefficient of resistance
(/K), n is the fraction of incident energy absorbed (the
absorption efficiency), W is the IR incident energy
(W/em?), A is the receiving area of the detector (cm?),
G is the thermal conductance to the surroundings
(W/K), V is the applied voltage (V), I is the current
before irradiation (A), T is the temperature of the
detector element (K), and T, is the ambient temperature
(K). It was considered from Eq. (1) that the increase
in Vle or G(T-T,)a, which are required for the self-
regulating heating, may cause the ambient temperature
dependence of the sensitivity mentioned above. In
order to improve the sensitivity, it is therefore de-
sirable to reduce VIa in Eq. (1), that is, to reduce the
difference between the operating temperature of the
detector element and the ambient one. Such a condition
is brought about by lowering the Curie point of the
detector.

In the present study, we investigated IR sensing
properties of a PTC thermistor with the Curie point of
25°C operated under the self-regulating heating condi-
tions, and compared the properties with those in the
previous study.®

2. Experimental Procedure

BaCO,, SrCO, CaCO, (Rare Metallic Co., Ltd.,
99.99%), La(NO,),-6H,0 (Kanto Chemical Co., Ltd.),
TiO, (Fuji Titanium Co., Ltd., rutile, 99.97%), SiO,
(High Purity Chemicals Co., Ltd., 99.9%), and Mn(NO,),
-6H,0 were used as starting materials. A sintered body
with a composition of Bag e ST336Cag 040120 003 1105
+ 2mol%Si0, + 0.05mol%MnO was prepared by the usual
ceramic processing technique as described in the pre-
vious paper.) The sintered body was cut into the
detector element (2mm x Smm x 150um) as illustrated in
Fig. 1. Ohmic silver paste (Dometoron Co., 61900781
/347) as electrodes was fired (2mm apart) on one side
of the surface at S60°C for 5 min with nickel wires
(0.1mm diameter). To measure the temperature of the
detector element, a small thermistor (Shibaura Elect-
ronics Co., Ltd., PT5-25ES) was attached on the other
surface.

A blackbody furnace (Chino Co., Ltd., IR-R24) was
used as an IR source. The detector element was
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Fig. 1. PTC thermistor IR detector.
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Fig. 2. Resistance-temperature characteristic of the
detector element.

mounted in a holder made of polyvinyl chloride with a
polyethylene IR-transmitting window (15um thick), and
placed apart from the aperture of the blackbody furnace
by 15cm. Ambient temperatures were regulated with a
thermostat (Lo Temp Incubator IL-60, Yamato Science
Co., Ltd.). Incident IR energy through the polyethylene
window was measured by a thermopile IR sensor (Mit-
subishi Yuka Co., Ltd., MIR-100s), and was 1.51x107?
W/cm? from a 600K blackbody furnace.
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The current change by IR radiation (20 sec) was
measured when the steady state was attained. The
sensitivity was expressed in the form of the ratio of
the resistance change to the resistance before irradia-
tion (AR/R).

3. Results and Discussion

Figure 2 shows the resistance-temperature charac-
teristic of the detector element. The temperature
coefficient was 13.0%/K at 30°C (B=-13200K). The Curie
point was determined from the temperature at which the
element showed a maximum capacitance in the present
study. It was 25°C, and is somewhat higher than that
expected from the composition (15°C).»  Figure 3
shows the surface temperature of the element as a
function of applied voltage at various ambient tempera-
tures. Applying sufficiently high voltage can regulate
the detector temperature in the region (>20°C) where a
is large. The thermal conductance G estimated from the
relation between the temperature of the element and the
power consumption was 1.41x10-> W/K.

Figure 4 shows the temperature change of the ele-
ment by applying the constant voltage of 40V at the
ambient temperature of 20°C. Immediately after the
voltage was applied, the element temperature reached
30°C, and was kept constant. If the detector element is
heated by other heater elements, it is difficult to
regulate the element temperature near room temperature.

50
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Temperature  (°C)

—_— N w

'~ .= Q
K;\k} I

1
1.0 2.0
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o

Fig. 3. Surface temperature of the detector element as
a function of applied voltage measured at
(0) 0°C, (&) 10°C, (o) 20°C, and
(V) 30°C.
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Fig. 4. Temperature change of the element by applying
40V at the ambient temperature of 20°C.
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Fig. 5. Sensitivity to 600K blackbody radiation
measured at (0) 0°C, (A) 10°C, (o) 20°C,
and (V) 30°C in the present study,
the Curie point of 122°C measured at 15°C, in
the previous study.?

The self-regulating heating was found to be an excellent
method to regulate the element temperature, in par-
ticular, near room temperature.

Figure 5 shows the sensitivity to 600K blackbody
radiation at various ambient temperatures in the range
0°C to 30°C. When the ambient temperature lay in the
range where the element had large a (20°C and 30°C),
the sensitivity was large even at low applied voltage.
When the ambient temperature lay in the range where
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the element had small @ (0°C and 10°C), the sensitivity
was small at low applied voltage. The sensitivity in-
creased at voltage enough to raise the element tempera-
ture to the large @ region. In each case, the sensitivity
at higher voltage decreased because of the increase in
Vla.

The calculated sensitivity with the approximate
equation of the observed resistance-temperature charac-
teristic and Eq. (1) was in good agreement with the
observed one (Fig. 6).

To estimate the effect of lowering the operating
temperature, that is, the effect of lowering the Curie
point, the sensitivity was compared with that in the
previous study.® The sensitivity of a PTC thermistor
with the Curie point of 122°C to 600K blackbody radia-
tion measured at 15°CY (a=18%/K) is shown in Fig. 5.
The comparison was conducted on the sensitivity per
unit energy of incident IR radiation (AR/RWA) because
the energies were different between the two studies.
As shown in Fig. S, despite having smaller e, the detec-
tor in the present study has several times larger sen-
sitivity than that in the previous study.”) Lowering the
operating temperature by using a PTC thermistor with a
low Curie point was therefore shown to be effective for
improving the sensitivity.

4. Conclusion

An IR detector was made of a PTC thermistor with a
composition of Bag;;S1)335Cag 040Lag,003TIO0; +
2mol%SiO, + 0.05mol%MnO, having the Curie point of
25°C. The sensitivity under the self-regulating heating
conditions measured at various ambient temperatures in

15 T
L at_30°C_
2. Le TN
10 N\ -
N N\,
= 10°C SO
E o S \\\ NN
< \\\:
0°C
0
1
0 1.0 20

log vV (V)

Fig. 6. Calculated sensitivity to 600K blackbody radia-
tion using Eq. (1).
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the range 0°C to 30°C was several times larger than
that of the detector with the Curie point of 122°C.
Lowering the operating temperature by using a PTC
thermistor with a low Curie point was shown to be
effective for improving the sensitivity.
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Formation of Spherically Aggregated ZrQ, Particles by
Thermal Hydrolysis of ZrOCl, Concentrated Solution
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Spherically aggregated ZrO, particles of about 1xm with
narrow size distribution were obtained by hydrothermal
treatment of highly concentrated ZrOCI, solutions at
200°C following the heat-treatment at 300°C in air to
dry. The aggregates are joined to each other and are
easily collapsed and dispersed to ultrafine particles of
smaller than 10nm by adding water before drying. The
powder composed of the aggregates maintaining the
shape as well as formed at the stage of the hydrother-
mal treatment was obtained when the ‘double structured
vessel’ was employed for the hydrothermal treatment.
[Received September 12, 1989; Accepted November 22,
1989]
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1. Introduction

It is desirable that the powders used to manufacture
ceramics by the conventional processes of press-forming
and normal sintering consist of aggregated ultra-fine
particles of suitable sizes and become densely packed
when pressed.)  Therefore, it is important to study
methods of controlling the particle size of the raw
materials to the desired conditions. There have been
several reports published on the particle size control of
zirconia. Aggregates of particles in sizes of less than
100nm, oriented like a twin crystal pattern with ex-
tremely fine zirconia crystals (several nm), were ob-
tained by heating a dilute aqueous solution (0.1 to 0.3
mol/1) of zirconyl chloride (ZrOCl,) at low temperature
(<100°C) for a long time,>” and the size of aggregated
particles could be controlled by coexisting ions.?
Other reports discuss the formation of spherical ag-
gregates of particles of zirconia, composed of amorphous
fine particles with narrow size distribution produced by
the hydrolysis of alkoxide.>®

The authors previously reported? that a highly
dispersed sol consisting of ultrafine zirconia particles
(5x10nm) was formed by thermal hydrolysis of a highly
concentrated aqueous solution of zirconyl chloride.
However, the products were obtained as a white slurry,
and changed to the highly dispersed sol when the slurry
was diluted with water. This phenomenon suggests that
the ultrafine zirconia particles are in some aggregated
state at a moment after formation by thermal hydroly-
sis. In the present study, we succeeded in forming
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spherically aggregated zirconia particles, which were
considered to be in a solidified state of the aggregates
composed of ultrafine zirconia particles.

2. Experimental Procedure

The starting material was guaranteed reagent zir-
conium oxychloride (ZrOCl,-8H,0, zirconyl chloride).
This was placed in a hard-teflon container (internal
volume 25ml) with or without a small amount of water,
and the teflon container placed in a pressure vessel
made of stainless steel. The starting material was hy-
drothermally treated at temperatures controlled in the
range of 150° and 200°C. This hydrothermal treatment
was carried out by placing the pressure vessel in a
drying oven heating by air circulation.  After the
hydrothermal reaction, the vessel was cooled down to
room temperature using an air-blower, and the sample
removed from the vessel after confirming that the
temperature inside the vessel was lower than the boiling
point of the starting material. The zirconia was stabil-
ized after formation by direct dehydration and drying of
the thermal hydrolysis products in the pressure vessel at
the temperature used for the thermal hydrolysis. The
apparatus for this experiment is shown in Fig.1(b). A
soft-teflon container with an internal volume of 7ml was
placed in the hard-teflon container, and the space
outside this inner container in the hard-teflon container
was filled with y-alumina grains. The intention of these
arrangements was to absorb moisture in the y-alumina
instead of in the inner container when the vessel was
cooled after the thermal hydrolysis. This vessel shown
in Fig.1(b) is called the double-structured vessel, and
the vessel shown in Fig.1(a) the ordinary vessel.

The zirconia formation ratio was determined by the
following procedure.  After thermal hydrolysis, the
sample was removed from the vessel, and dropped into
water to dilute the reaction products and the unreacted
components with water, and then hydrochloric acid
added to precipitate zirconia particles, which were then
separated by subsequent filtration. An aqueous solution
of ammonia was added to this filtrate to precipitate the
unreacted components precipitated as zirconium hydroxi-
de, which was separated by subsequent filtration. By
applying the ashing method to these two precipitates,
the amounts of zirconia formed and zirconium remaining
unreacted were obtained. The zirconia formation ratio
against total zirconium involved was calculated from
these. The morphology of the zirconia particles formed
was observed using a SEM.
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Fig. 1. Sealed decomposition vessels used for the
hydrothermal treatment.
(a) A set of ordinary vessel composed of a
stainless cover and a teflon container.
(b) A set of teflon containers used in a double
structured vessel, which is put in a stainless
cover, the same as (a).

3. Results and Discussion

When the zirconyl chloride hydrate (actahydrate) was
hydrothermally treated without additional water in the
ordinary vessel, the crystals of zirconyl chloride were
dissolved in the water of crystallization, and the pro-
ducts of thermal hydrolysis at temperatures higher than
170°C were a white-colored slurry. These reaction
products appeared to be solid when taken out of the
vessel, but easily changed to a liquid state of good
fluidity when agitated, for instance, by manipulation
with a spoon, since they contained a high water con-
tent. When these slurry products were heated and
dried, they became solids. These solids were easily
crushed into powder particles by even light grinding
with a mortar and a pestle. X-ray diffraction analysis
carried out on these powders showed that the crystal-
line phase formed was extremely fine monoclinic zir-
conia.

The thermal hydrolysis of zirconyl chloride was
carried out at various temperatures for a fixed time of
24h to compare the zirconia formation ratios, the re-
sults of which are shown in Fig.2. The zirconia forma-
tion reaction took place when the thermal hydrolysis
temperature was higher than 160°C. When the ordinary
vessel was used for thermal hydrolysis, the zirconia
formation ratio increased with an increase in thermal
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Fig. 2. Changes of the ratio of ZrO, formed by the
hydrothermal treatment for 24h with the treat-
ment temperature.

o: ordinary vessels were used.
e: double structured vessels were used.

hydrolysis temperature, but the increase rate was lower-
ed in the temperature range over 180°C, showing a
tendency to come closer to a saturated ratio (=75%) of
zirconia formation. When the hydrolysis temperature
was increased to 200°C, lengthening of the treatment
time from 24h to 72h only resulted in a small increase
in the zirconia formation ratio from 73% to 76%.
Presumably the zirconia is formed by the following
reaction,

ZrOCl,-8H,0 ~ ZrO, + 2HCI + 7TH,0

but the small increase in zirconia formation as men-
tioned above may be resulted from the suppression of
this reaction due to the HCI being produced in high
concentration.

The X-ray diffraction pattern for the sample dried at
150°C after the thermal hydrolysis at 200°C for 72h is
shown in Fig.3(a). From these diffraction patterns, the
diameters of the crystallites were calculated by the
Debye-Sherrer method, obtaining D;j;=4nm and Dy,
=7nm® These crystallite diameters decrease with de-
creasing the thermal hydrolysis temperature. When the
reaction  products from the thermal hydrolysis of
ZrOCl,-8H,0 were put into distilled water before com-
plete drying, a zirconia sol with a bluish color and
transparency was obtained. As shown in Fig3(b), this
sol consists of ultrafine particles (<10nm in diameter),
which are very well dispersed and so isolated from each
other, and the particle diameter almost agrees with the
apparent crystallite diameter calculated from the powder
X-ray diffraction pattern.”

After thermal hydrolysis at various temperatures
ranging from 160° to 200°C for 24h using the ordinary
vessel, the same conditions as used above, the vessel
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Fig. 3. Monoclinic ZrO, produced by heating zirconyl chloride hydrate (ZrOCl,-8H,0) without any
other H,O at 200°C for 3 days.
(a) A powder X-ray diffraction pattern of the product dried at 150°C for 24h after the hydrolysis.
(b) TEM photograph of the product dispersed into distilled water before drying.

Fig. 4. SEM photographs of the products heated at 300°C for 24h after the hydrolysis with ordi-
nary vessels at the temperatures ranging from 160° to 200°C.

76



K. Daimon et al.

Journal of the Ceramic Society of Japan, International Edition

Vol.98 317

200°C

Fig. 5. Morphologies of the products treated at the same conditions as Fig.2 except using double

structured vessels.

was cooled at room temperature for 25min, and then the
sample removed from the vessel, completely dried at
300°C in open air and crushed into powder. Figure 4
shows the SEM photographs of these powders prepared
at different hydrolysis temperatures.  Spherically ag-
gregated particles were observed when the samples were
prepared at hydrolysis temperatures of 170°C and high-
er.  When this temperature was 200°C, spherically
aggregated particles were mostly in contact with each
other, or coherent with each other, but the particle
sizes were distributed in a relatively narrow range, with
an average size of 1.3pm. When the hydrolysis reaction
products before complete drying were dropped into
water, the white color easily disappeared and a trans-
parent sol was produced. Therefore, we assume the
spherically aggregated white particles prior to complete
drying had a very weak aggregate structure, in which
the liquid phase was included among ultrafine particles.
When the hydrolysis products were completely dried and
crushed into powder, aggregate particles were produced
in various deformed and collapsed shapes, which indi-
cated that the maintenance of spherical particle shapes
varied widely with a slight difference in the cooling and

drying conditions, or by a difference in the sampling
position in the product. This trend of deformation or
collapse of spherically aggregated particles was par-
ticularly remarkable when water was added as well as
when a long cooling time (over 50min) after thermal
hydrolysis was allowed. The latter phenomenon presum-
ably suggests that the aggregates of the ultrafine
zirconia particles (< <10nm) produced absorb moisture
and are softened at room temperature after cooling, and
easily disintegrate, deform or collapse during drying.
Since it was intended to stabilize the aggregates of
ultrafine zirconia particles as closely as possible to
those formed, the double structured vessel was used for
formation of zirconia by the thermal hydrolysis process
in the following experiments. When the vessel was
cooled after the end of the thermal hydrolysis, the
outside teflon vessel was cooled more quickly than the
inside one, so water was condensed on the outside
vessel because of the temperature difference between
the outside and the inside vessels. Consequently, the
effect of water removal from the zirconia particles
produced in the inside vessel was more accelerated with
a higher temperature thermal hydrolysis and with a

7
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Fig. 6. Time dependence of ZrO, formation and ag-
gregated particle size by thermal hydrolysis of
4 M ZrOCl, solution at 200°C.

faster cooling rate after the treatment.

Figure 5 shows SEM photographs of zirconia par-
ticles obtained by complete drying and crushing of the
reaction products of thermal hydrolysis using the double
structured vessel. In this case, the zirconia formation
reaction progressed faster than when using the ordinary
vessel, so the zirconia formation ratio reached almost
100% even when the thermal hydrolysis temperature was
as low as 180°C (Fig.2). We assume this increased
zirconia formation ratio was caused by the adsorption of
the HCI produced in the hydrolysis reaction by active
alumina, which would promote the completion of the
hydrolysis reaction. When the thermal hydrolysis tem-
perature was increased to 200°C, the samples taken out
of the vessel after cooling showed that the water and
HCI in the reaction products were almost all adsorbed
by the active alumina. The samples of zirconia particles
obtained in the solid state were dry and easy to crack,
and did not smell of HCl. When this reaction product
was put in water, no transparent sol was produced, but
a suspension which consisted of aggregates of 0.1 to
0.2pgm.  This is assumed to have been caused by the
stronger bonding among the primary particles inside the
spherical aggregates in the reaction products, as a
result of water removal and drying by active alumina
during cooling of the vessel. When these zirconia
samples produced by thermal hydrolysis were further
dried by heating at 300°C in air, the spherical ag-
gregates became stronger so that they were not disin-
tegrated even when washed with water.  This ex-
perimental result was highly reproducible, and differen-
ces due to sampling position were very small. The
aggregated zirconia particles produced by thermal
hydrolysis at 200°C for 72h using a double structured
vessel were mostly in contact with each other or coher-
ent with each other, similar to the case of using a
normal vessel, but the particle size of about 1.0pm was
a little smaller than that obtained by using a normal
vessel (Fig.5(d)).

When an amount of water was added to the zirconyl
chloride crystals in thermal hydrolysis, if the concentra-
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Fig. 7. Size distribution of aggregated m-ZrO, particles
produced by heating 4M ZrOCl, solution at
200°C for 4h.

tion of zirconyl chloride aqueous solution was main-
tained higher than around 3mol/l, spherically aggregated
zirconia particles could be obtained by heating the
reaction products at 300°C in air. In this case, the
aggregated particle size decreased with a decrease in
the concentration of the zirconyl chloride solution. In
the case of a concentration of zirconyl chloride aqueous
solution of 4mol/l, the dependence on treatment time of
zirconia formation ratio and aggregated particle size are
shown in Fig.6, and the size distribution of aggregated
zirconia particles is shown in Fig.7. Except in the
early period when the zirconia formation reaction was
rapid, the aggregated particle size obtained changed
little, and the particle size distribution was very sharp
with a standard deviation of 0=0.098 (0?>=2(r,-T)*/n?%
r=grain size, T=mean grain size, n=1000). As mentioned
before, the size of the spherical aggregates of zirconia
particles changes with the water content in the reaction
system, but when water content was further increased,
contact area between the spherical aggregates gradually
increased with an increase in water content, and the
shape of the particles themselves became vague, so the
reproducibility of experimental results became poor.

It has been reported® that zirconia particles with
high sphericity and high dispersibility are produced by
hydrolysis of organic zirconium metal compounds. They
are aggregates of ultrafine amorphous particles con-
structed as if the ultrafine particles were stacked. In
contrast, the zirconia particles obtained in our experi-
ments are spherical aggregates of particles which con-
sist of extremely fine but crystalline particles which are
mostly bonded to each other. In addition, the spherical
aggregates of zirconia particles obtained have rough
surfaces. We assume that these aggregates were formed
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through a process of aggregates of ultrafine particles
which were not well dispersed due to a low water
content in the course of zirconia formation being solid-
ified without a change in shape when heated and dried
at 300°C. Spherical aggregates of ultrafine crystalline
particles as above discussed is a new phenomenon
which we recognized in this study on the thermal
hydrolysis of concentrated zirconyl chloride aqueous
solution, and has not been reported previously. We are
continuing to investigate the mechanism of this ag-
gregation as well as the grain size control of aggregates
and the change in aggregates by heating.
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Thermal diffusivities of molten boron oxide, which is
one of the favorable liquid capsule materials for produc-
ing GaAs or GaP single crystals, have been measured
systematically in the temperature range between 1000K
and 1500K using a three layered laser flash method.
The thermal diffusivity of molten boron oxide was
found to decrease with increasing content of P,O; or
In,0; additives.

[Received October 2, 1989;
1989]

Accepted December 11,

Key-words: Thermal diffusivity, Boron oxide, Oxide
melt, Laser flash method, Heat transfer, Compound
semiconductor

1. Introduction

In producing single crystals supplied for semiconduc-
tor devices of compounds in groups III through V such
as GaAs and GaP, for example by Czochralski method,
as, P etc., which have high vapor pressures are likely to
diffuse from the master melts, causing the original
compositions to change. To reduce such trouble, boron
oxide melts have recently been widely used as liquid
capsules to encase molten semiconductors. To obtain
“high quality single-crystal semiconductors with a low
dislocation density, it is necessary to minimize the
temperature gradient in the melt by accurate tempera-
ture control. For this purpose, the thermal diffusivity
of a liquid capsule material is one of the important
properties. Within the best knowledge of the present
authors, however, no report has been available on the
thermal diffusivity of molten boron oxide. Using a laser
flash method, we measured the thermal diffusivities of
molten boron oxide, containing a small amount of pho-
sphorus or indium oxide, which was studied as a liquid
capsule material for practical use, as well as molten
boron oxide without such additives. This paper de-
scribes our new results.

2. Experimental Procedures and Data Analysis

The laser flash apparatus for measuring the thermal
diffusivity has been described previously.® The new
three layered cell system employed in the present study
is schematically illustrated in Fig. 1. The first layer
irradiated by the ruby laser as a heating pulse source,

output 6J and beam dia. 10mm, consists of a platinum.
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crucible of 0.20mm thickness, 10mm height and 12mm
inner dia. glued to a quartz tube 11.4mm o.d. and 1mm
thickness, which can be moved vertically by a micro-
meter. The liquid sample is the second layer and is
contained in a platinum crucible (the third layer) of
0.20mm thickness, 14.5mm height and 14mm inner dia.
which is placed on alumina pins to thermally insulate
the rear side. With the container charged with a liquid
sample, the top crucible was allowed to drop until it
came into contact with the top surface of the bottom
crucible and then the top crucible was raised by the
micrometer to produce the liquid layer. To determine
the thickness of the liquid layer accurately, the top and
bottom platinum cells were held horizontally with the
help of levels. On the basis of the results of prelimi-
nary measurements, we determined the thickness of a
liquid sample to be 1.40mm. The three layered cell
system was placed in a high-temperature furnace with
platinum coils for heating up to 1700K and held within
+2K of the required temperature controlled by a ther-
mocouple installed near the sample. The experiment was
carried out in air and the temperature response was
measured by sensing the infrared rays emitted from the
back surface of the third layer platinum crucible with
an InSb semiconductor detector. Several times during
measurement, the top platinum crucible was raised to
check visually that there were no bubbles in the sample.
To analyze the measured temperature response curves,
the following method was employed. Because the initial
time region of the temperature response curves were
unlikely to be affected by heat losses by conduction
from the sample to the holder and radiation, James

Laser beam
1V

| —— Quartz pipe

Pt plate(1st layer)
e I[
E
< Sample liquid(2nd layer)
== = Aly04 pin
Pt crucible(3rd layer)
Fig. 1.  Schematic diagram of the sample cell assembly.
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Fig. 2. Temperature response curve of the back sur-
face of the sample cell for molten boron oxide
containing 120ppm water at 1083K.

(@) observed temperature response.

(b) converted temperature response with

respect to In(6t'/2) and 1/t.

developed the method for determining the thermal
diffusivity value of a sample using only the initial time
region of the temperature response curves and also
showed that a similar analysis is possible for two layer-
ed cell system® Recently we showed that this data
processing can be effectively extended to three layered
cell system consisting of a liquid layer between two
metal plates.) It was thus employed in the present
study. For the initial time region of the temperature
response curves for three layered cell system, the fol-
lowing equation can be obtained:

(1 + 1y + 1) - _tant In(6t1/2)
4 - 1t

/t

mo=0//%:i=1,2,3

where 6: temperature rise, k: thermal diffusivity, t:
time after irradiating a pulse laser beam, [: thickness
of each layer and subscripts 1, 2 and 3: layers. In the
present measurements, the thermal diffusivity of the
first and the third platinum layers (k;, = k; =
0.245cm?/s), their thicknesses (/; = /; = 0.02cm) and the
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thickness of the melt (second layer) (1) are known.
Thus, the thermal diffusivity k, of the melt can be
obtained by obtaining the temperature rise 6 of the
back surface of the platinum crucible (third layer) after
flashing a pulse laser beam onto the surface of the
first-layer platinum, plotting In(6t/2) against 1/t, and
using Eq. (1) with the slope of the straight line ob-
tained. From the results of measurement using the
three layered cell filled with distilled water and metha-
nol, it was found that the experimental uncertainties
were within 6% of the literature values. Also, from
the results of systematic measurement with samples
having different diameters larger than that of the laser
beam, it was proved that the shape of the three layered
cell employed in the present study reduces heat losses
to the sample container and the radial heat flow was
confirmed to be insignificant.

3. Results and Discussion

Considering the regulation of the opaque quartz pipe
used as a component of the three layered cell, we
carried out measurements at intervals 50 to 100K over
the temperature range of 1000 to 1500K, although the
high-temperature furnace could be heated up to 1700K.
Figure 2 shows the temperature response curve using
the results of molten boron oxide with a water content
of 120ppm at 1083K, as an example and the relationship
between 1/t and In(6t'/2). Although analysis with t -+
0Os is theoretically ideal, in short time region such as t
< 0.5s, the temperature rise is so small that signal is
very weak, causing the SN ratio to decrease, generally
resulting in wide scattering of data. Thus, on the basis
of measured temperature response, we plotted 1/t versus
In(6t'/?), finding the good linear relationship in the
range 0.5s < t < 1.0s as shown in Fig. 2. Therefore,
the data in this region was used in our study. In
addition, we excluded data in the region above 1.0s
because such longer time region involved difficulties
such as heat losses and was beyond the scope of the
James equation. With different water contents, Figs. 3
and 4 show the results of measurements of the thermal
diffusivity of molten boron oxide containing 0.08mol%
In,0; and molten boron oxide containing a small amount
of P,0Os respectively. In all cases, the thermal dif-
fusivity of molten boron oxide increases as the tempera-
ture rises. Variations in thermal diffusivity, which are
not prominent, systematically decrease as the contents
of In,O0; and P,O; increase. Qualitatively it can be
understood that these results are due to an increase of
the anharmonicity of the boron oxide melt resulting
from the addition of other oxide, which causes the mean
free path of phonons to decrease as compared with the
values for pure boron oxide melts,® although some
further studies are required to obtain the definite
comments. The results of the present study can rather
be seen-as useful information about the essential pro-
perties for basic studies to obtain GaAs and GaP semi-
conductor single crystals with low dislocation density
quality by using molten boron oxide as a liquid capsule
material. It may be noted that unless a forced dehyd-
rating treatment such as bubbling is employed, the
water content of the boron oxide melts does not change
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Fig. 3. Thermal diffusivities of molten boron oxide
containing H,0 and In,0; as a function of
temperature.

even if samples are heated up to the temperature range
of 1000 to 1500K.
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Oxidation of TiB,-Al,O; Composites in Air
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The oxidation of TiB,-Al;0, composites prepared by
pressureless sintering at 1900°C was investigated. TiB,-
Al,O; composites were oxidized at 1000°C for 36h in
air, and weight changes were measured to estimate the
oxidation resistance of the composites. The composites
showed good oxidation resistance with increasing amount
of ALLO,. The weight gain at 1000°C for 36h in air of
the TiB, specimen was about 20mg/cm? that of the
composite containing 50wt% Al,O, was about 3mg/cm? -
TiB,-90wt%Al,0, composite had excellent oxidation
resistance.
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1. Introduction

Sintered TiB, has such a high melting point, hard-
ness, electric conductivity, etc., that it is expected to
be applicable as a heat and wear resistant or electrode
material.1?  However, it is difficult to sinter because
of its high level of covalent bonding. To obtain densely
sintered TiB,, much research has been directed to
discover effective sintering promoters or produce com-
posites.>®)

Previously, to obtain a high-density, high-strength
sintered TiB, composite, the authors selected a system
composed of TiB, and Al,O; additive and sintered it
under normal pressure, discovering that a dense and
strong sintered composite could be obtained from TiB,
plus SOwt% AlL,O,” However, TiB, has the drawback
of being so readily oxidized that its application is
limited.! Some measures must be taken to increase its
resistance to oxidation.

To eliminate this drawback, we investigated the
oxidation resistance of sintered TiB,-Al,O; composites.
This paper reports the results.

2. Experimental

Sintered TiB,-ALO; composites were formed as
reported previously. TiB, (Cerac) was wet-mixed with a-
AlO; (Sumitomo Chemical Industries) at ratios of Al,O,
10, 25, 50, 75 and 90wt% in ethyl alcohol for 24h. The
mixtures were molded under 30MPa and CIP-treated at
300MPa. The compacts were then sintered at 1900°C
for 1h in an Argon atmosphere. Blocks 3x4x20mm were
cut out of them and the surfaces were polished with a
diamond disk to make the samples. The densities were

obtained by the Archimedean method. Table 1 shows
their properties.

The samples were placed in a holder made of high-
purity alumina and heated at 1000°C in air and the
weight increases due to oxidation were measured after
certain intervals. Also, the surfaces were observed
under a scanning electron microscope (SEM) and the
oxide layers were identified by using the powder X-ray
diffraction method.

3. Results and Discussion

Figure 1 shows the relation between the AlLO,
contents of sintered TiB,-Al,O; and weight increases
due to oxidation for 36h. Evidently, the weight gain
decreases as the Al,O, content increases.

When oxidized, TiB, is assumed to form oxides as
follows:

TiB, - TiBO, + B,0,
TiBO, -+ TiO, + B,0,

When oxidized, sintered TiB, composites form TiO,
and B,O; on their surfaces. Even if B,O, vaporizes at
high temperatures, the weight of the samples are as-
sumed to increase during oxidation. While sintered TiB,
without additives gained weight by about 20mg/cm?
after 36h oxidation, sintered TiB, with S0wt% ALO,
gained only about 3mg/cm? showing a higher resis-
tance to oxidation. TiB, without additives has a low
density and contains mostly open pores, which are
assumed to be directly related to the weight increases

Table 1. Properties of TiB,-Al,O, composites.

specimen 1 2 3 4 5 6
A1,0, content 0 10 25 50 75 90

(wts)

relative

density (%) 78 86 91 94 95 96

bending

strength (MPa) 180 240 310 450 310 220

Vickers

hardness (GPa)| 6 8 13 14 15 15

electrical

resistivity 1073 1073 107° 107! 1073 10°
(ohm-cm)
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Fig. 1. ALO,contents vs. weight gains after oxidation
at 1000°C for 36h in air. Specimens were
fabricated by pressureless sintering at 1900°C
for 1h in Argon gas.

Fig. 8. SEM micrograph of the oxidized surface on the
TiB,-50wt% Al,O; composite. The oxidation
time is 36h.

due to oxidation. After the oxidation test, the surfaces
of the sintered composites with low Al,O; contents
were covered with white oxide layers.

Figure 2 shows the results of the powder X-ray
diffraction analysis of these oxides. The layers formed
here are evidently a TiO,(rutile) phase. No TiBO, or
B,O, phases were detected. The samples with Al,O,
contents below 50wt% showed no ¢-Al,O; peaks, only
diffraction peaks for TiO, (rutile). Figure 3 is the SEM
photograph of the surface of the sintered sample with
50wt% Al,O; after 36h of oxidation. Figure 4 is the
optical micrograph of the surface of the same sample
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Fig. 2. X-ray diffraction patterns of oxidized surfaces
on (a) TiB,-90wt% Al,0;, (b) TiB,-50wt% Al,O,,
(C) TiB,-10wt% Al,O, and (d) TiB, specimens.
The oxidation time is 36h.

Fig. 4. Photomicrograph of the polished surface of the
TiB,-50wt% Al,O; composite.

before oxidation. The surfaces of numerous TiB, grains
(white portions in Fig4) around Al,O; grains were
probably oxidized, producing TiO, layers, which covered
the Al,O, grains while becoming denser, consequently
allowing only TiO, peaks to be observed. In the sample
with 90wt% Al,0,, on the other hand, no white oxides
were produced but a layer assumed to be a vitreous
substance covered the surface.  X-ray diffraction
analysis detected only TiO,(rutile) and a-Al,O; peaks.
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Figure 5 shows the weight gains due to oxidation at
1000°C of sintered TiB,-AL,O;. For samples with Al,O,
contents above 50wt%, oxidation including initial phases
follows the parabolic rule. This trend implies that the
TiO, layer produced by oxidation serves as a protective
layer against oxygen, causing the oxidation rates to be
determined by the diffusion of oxygen through the TiO,
layer. 112 The sintered TiB, sample with 90wt%
ALO; had a weight gain of 0.15Smg/cm? in the first
hour of oxidation but no further weight gains in subse-
quent oxidation.

The samples with Al,O; contents of 25wt% or less,
on the other hand, greatly increased in weight in the
first hour of oxidation, which is inconsistent with the
parabolic rule. This may be because these samples had
numerous open pores, allowing oxidation to proceed
rapidly inward from the surface. After the initial
period of oxidation, weight gains proceeded nearly in
proportion to the square root of oxidation time and the
oxidation rates were probably determined by the dif-
fusion of oxygen through the TiO, layer.

Figure 6 is the optical micrograph of the surface of
the sample with 90wt% Al,O; before oxidation. TiB,
grains (part A in Fig.6) are individually surrounded by
ALO, grains, with hardly any two grains in contact
with each other. This can also be assumed from the
results of the measurement of the resistivity of the

Vol.98 325

Fig. 6. Photomicrograph of the polished surface of the
TiB,-90wt% Al,O, composite.

sintered TiB,-Al,O, samples. With AlL,O; from 75 to
90wt%, the probability of contact between TiB, grains
rapidly decreases, while the resistivity rises from 103
to 1050-cm. This agrees well with the trend mentioned
above.” For TiB, in the samples with 75 or 90wt%
ALO; to be oxidized, oxygen must diffuse through
ALO, grains. This may be why TiB, surrounded by
Al,O, grains is little oxidized.

4. Conclusions

To increase the oxidation resistance of TiB, we
investigated the oxidation resistance of sintered TiB,-
AL O, composites, discovering the following.

1) The oxidation resistance of sintered TiB,-Al,O;
composites increased as the Al,O; content increased.

2) While sintered TiB, without additives increased in
weight by about 20mg/cm? in 36h of oxidation at
1000°C, sintered TiB, with 50wt% Al,O, increased by
only about 3mg/cm?, showing that it had a much higher
resistance to oxidation.

3) The TiB,-90wt% Al,O; sample showed hardly any
weight gains due to oxidation after the initial period of
oxidation.
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News

Highest Critical Current Density
With Thin Film Without Heat-
treatment

Sumitomo Electric Industries Ltd. and
the Tokyo Electric Power Co., Ltd. have
announced that they have made an yttrium
family superconducting oxide film with the
critical temperature of 91.5K. This oxide
has the world’s highest critical current
density of 800A/cm? at zero magnetic
field, and 170A/cm? at 1T. The results
were realized with a 0.48 micrometer
polycrystalline film deposited on a mag-
nesia substrate by laser deposition tech-
nology without using any heat-treatment.
So far the best critical current density
was 600/cm? achieved by Belrove, an
American company. This result is con-
sidered to have enlarged the possibility of
choice of substrates, and they consider it
a step to the goal of realization of super-
conducting oxide wire.

Secondary Battery Current Source
for Superconducting Magnet

A joint research team of the Osaka
Electro-Communication University, Osaka
University and Fuji Electro-chemical Co.,
Ltd. has reported the world’s first suc-
cessful test of energizing a superconduct-
ing magnet using a secondary battery.
The idea that for energization of a super-
conducting magnet a cell could be used
was not new, but difficulty in controlling
current through a variable resistor to a
superconducting magnet hindered realiza-
tion of this method. The group controlled
current by changing the size of electrode
areas which were dipped into electrolyte,
and realized ST magnetic field with cur-
rent of 100A. The battery method would

reduce the size of the current source to
about 1/5, and the weight to under 30kg.
Larger current source could be easily
obtained by series connection of batteries.
Fuji Electro-chemical Co., Ltd. plans to
put the moving electrode-type current
sources on the market, with a price below
100 million yen.

Y-family Superconductor Wire

Kobe Steel Ltd. announced the first
success of wire drawing of an yttrium

family superconductor. The superconduct-
ing material used was the 1-2-4 type
superconductor of which Kobe Steel has
already reported the establishment of
mass-production technology.  The well
known 1-2-3 superconductor was difficult
to draw into wire and had a serious heat-
treatment temperature limit at 400°C. The
wire has stable characteristics and critical
current density of 5,000A/cm? at zero
magnetic field and liquid helium tempera-
ture. For actual use for a coil the critical
current density should be increased to the
order of several tens of thousands of
amperes per cm? Kobe Steel consider
that the yttrium family superconducting
wires could realistically be used in place
of the Nb;Sn wires now widely used.

Hi-Tc Superconductor Thin Film on
Metal

Ishikawajima-Harima Heavy Industries
Co., Ltd. have announced the success of
the test formation of an yttrium family
high temperature superconductor thin film
on metal of which the critical temperature
stayed as low as 30K. It said this was the
first success by ship-building and heavy
industry companies in this field. The
metal substrate used was a 20mm square
nickel based alloy on which the yttrium
family material was deposited by sputtering
technology with the help of a magnesia
intermediate layer, by which the undesired
effects of metal atoms on superconduc-
tivity was restrained. The company con-
sidered that superconducting wires could
be manufactured when the thin film was
formed on the surface of metal wire, a
superconducting coil could be obtained
when it was formed on the surface of a
coil-shaped metal piece and an electromag-
netic wave shielding sheet could be formed
when the thin film was formed on a metal
shield. So far Furukawa Electric Co., Ltd.
and other companies reported the success-
ful formation of 82K super-conducting thin
film on metal with help of intermediate
oxide layers.

The Front Line of HiTc Supercon-
ductor Device Processing

Superconducting electronics are high-
lighted with the debut of high temperature

superconductors. What sort of possibility
lies in superconducting electronics, and
what can we expect with superconducting
devices? Professor Takeshi Kobayashi of
the Faculty of Engineering Science of
Osaka University gave an answer to these
questions in the recent Nikkan Kogyou
Shinbun. Here is a summary of his report:

The Information Revolution wants
higher quality in data and signal transfer
and transformation. As a response to
these requirement efforts in which the
response time is reduced are continued.
So far the finest processing plays a major
role for this, but extension along this line
however cannot be thought of as hopeful.
Physics contains more than is in today’s
silicon LSI technology.  Superconducting
devices are expected to overcome limita-
tions on the state of the art. There are
two prominent aspects with superconduc-
tors. The first is the zero electric resis-
tivity, and the sccond is the long range
quantum effect.

We well remember the sudden rise of
the critical temperature of super-conduc-
tivity up to 125K with the discovery of
the new class of superconducting oxides.
In USA organized R &D efforts for applied
superconductivity have started. AT&T Bell
Research Laboratory has been successful in
development of a high quality signal
transfer line of high temperature super-
conductor in order to pick up pico-second
order electric pulsed signals at Scm dis-
tance.

Superconductive quantum effect devices
are the only devices which can show ideal
responses independent of the device size.
Superconducting oxides consisting of from
four to six elements seemed at first to be
difficult to process to form thin film, but
outstanding progress has been established
in which only 2nm thick ultra-thin film
shows very good superconducting charac-
teristics. The almost complete transparen-
cy of this superconducting thin film is also
interesting for actual use of this material.

The world’s first Josephson device
produced by Matsushita Electric Industrial
Co., Ltd. with bismuth-family supercon-
ducting oxides showed high sensitive
response capability to micro-wave frequen-
cies. Successful formation of a SQUID
(superconductive quantum interference
device) was obtained by IBM Research Lab,
USA using thallium family superconducting
oxides. The SQUID will be used as a fun-

87



Vol.98 C-40

damental device of high speed digital
circuits which use the flux-quantum as an
Fujitsu Research
Lab. have developed a device which at-
tained the world’s highest switch action
time of 1 pico-second order, with which a
device of 3 or 4 orders higher integration
level can be expected.

Along the Josephson line flux-quanta
run at nearly light velocity. This cor-
responds to the signal transfer mechanism
in the human neuro-system. The R & D
for using this as a circuit element of a
neuro-computer has began. It may be that
the shortest way to the realization of a
man-like computer is to introduce quantum
effect devices.

information signal unit.

Pastes and Substrates for Hi-T,
Superconductor Films

Dowa Mining Co., Ltd. has put on sale
pastes for thick films of yttrium-system
and bismuth-lead-system superconductors,
and ceramic-polycrystalline and metal
substrate materials for thick films. Super-
conducting oxide thick films can be easily
formed by printing/spreading and bake
methods with these pastes. The pastes
and substrates will be used for making
Josephson elements and devices, magnetic
shielding surfaces and superconducting
wiring on ceramic substrates. There are
three kinds of yttrium system pastes for
thick films and also three kinds of bis-
muth-lead-system pastes, and their costs
will be between 15,000 to 20,000 yen per
20grs. Large size substrates of polycrys-

talline magnesia and yttrium/zirconium
ceramics and copper and silver metals will
cost between 500 to 13,000 yen a sheet.

e = i
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Photo 1. Dowa Mining’s pastes
and substrates

High Magnetic Field Hi-T, Super-
conductor Film With 16,700A/cm? at
23T

The National Research Institute of

Metals and Asahi Glass Co., Ltd. have
reported the successful test fabrication of
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a tape of bismuth family superconductor
which had the critical current density of
" 16,700A/cm? under the magnetic field of
23T at 42K. The critical current density
in zero magnetic field was 50,000A/cm?2.
This tape was developed for in-liquid-
helium use, which would show the excel-
" lent performance at 4.2K. Here the newly
developed doctor blade base technology
and heat-treatment control technology
were used to make long 10 to 20 micron

thick tapes. The total length of the test-
fabricated tape was 10cm.

30

(@) 5 hour heat treatment at
870°C

—-— E - - -
B 101w

(b) 5 hour heat treatment at
880°C

Photo 1. Cross sectional view
of the newly devel-
oped tape by NRIM
and Asahi Glass

Coating a Biocompatible Material on
Ceramics

The Nagoya Government Industrial
Research Institute of the Agency of In-
dustrial Science and Technology has suc-
ceeded in coating biocompatible B-calcium
phosphate (TCP) on partially stabilized
zirconia (Y-PSZ) using magnesium meta-
phosphate (MP) as an
material.  This is the first example of
coating a calcium phosphate-group com-
pound on ceramics and it is raising expec-
tations of a new cementless junction
technology. Coating was conducted using
the reactive fusion method, a method for
thermal processing of materials in an
electric furnace. Y-PSZ and B-TCP chemi-
cally react with the intermediate material.

intermediate
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The close adhesion by thermal processing
at about 1200°C prevents alkaline calcium
oxide, which results from cracked calcium
phosphate and which adversely affects the
human body, from being produced. This
method can provide a film thickness of
1004. With this film thickness, ceramics
can be a place for osteoblasts to form
bone growth.
compounds, such as B-TCP and apatite
hydroxide, have superior biocompatibility,
and have attracted attention as candidate
materials for artificial bones and teeth.

Calcium phosphate-group

Production of Porous Ceramics by
Casting

H. Ichinose, researcher at the Fine
Ceramics Division of the Saga Prefectural
Ceramics Experimental Station, has devel-
oped a coarse-grain casting technology for
manufacturing porous ceramics  using
bentonite as a molding sintering assistant.
Ichinose used eight types of alumina
materials of particle size between 0.2 and
150pm, with a molding sintering assistant
of sodium-substituted bentonite and an
organic dispersion binder, to produce the
ceramics. Bentonite, superior in swelling
character, controls the sedimentation in
the slurry during casting and penctrates
grains of the alumina to expand voids
among them, thereby functioning as a
plasticizer for compacts.

Experiment shows there is a nearly
constant linear relationship between the
material size and the pore diameter.
Material size of 0.2im gives average pore
diameter of 0.06/m, 0.4/im gives 0.13m,
16 m gives 5.90im, 48/im gives 17.7m and
150pm gives 53pm pores. The porosity
ranges between 47 and 54%, and does not
depend much upon the material size.
Expected applications include bioreactor
carriers.

Mass Production of Brake Rings for
Use in BN Horizontal Continuous
Casting Machines

Koransha Co., Ltd, has established a
mass production facility for brake rings
for use in boron nitride (BN) horizontal
continuous casting machines using the slip
cast method and atmospheric sintering.
The brake ring in a horizontal continuous
casting machine is mounted on the smelt-
ing takeoff port in the tundish and plays
the role of a packing material for the
connection with a water-cooled copper
mold. Therefore, it must withstand the
difference in temperature between about
1500°C of the smelting side and several
tens of degrees celsius at the mold. The
brake ring presently marketed by Koransha
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provides a bending strength of Skg/mm? at
over 1200°C in a nitrogen atmosphere, two
times that of one produced by the hot
press method. BN has a sublimation
temperature as high as 3400°C and has
been considered unsinterable in air. The
company developed the atmospheric sinter-
ing method for BN two years ago jointly
with Prof. K. Morinaga, Kyushu University.
The method involves adding a small quan-
tity of additive to BN, molding it by the
original slip cast method, and then sinter-
ing it by a new sintering method in air.
The company has recently started full-
scale sales targeting domestic steel manu-
facturers and intends to ship 50 pieces to
US steel manufacturers on a test basis.

Artificial Ivory

Sakai Physical and Chemical Research
Institute has successfully developed artifi-
cial ivory with egg shells as the main
material. The artificial ivory is manufac-
tured by adding milk as an adhesive to
eggs crushed together with their shells and
mixing this with lipase, a fat- splitting
enzyme, and with titanium oxide for
weight adjustment. With the use of na-
tural materials, the product is substantially
the same in composition as natural ivory,
featuring high hygroscopicity compared to
synthetic resin counterparts. The company
intends to make future improvements so as
to provide it with ivory’s distinctive stripe
patterns and sense of massiveness. The
company also plans to promote a study of
how to make it feel natural when held in
the hand by increasing the coefficient of
friction to make it as close to natural as
possible.  Expectations of the practical
applications of artificial ivory are high in
industries such as music instrument manu-
facturers who use ivory for piano key-
boards and manufacturers of Japanese
seals. The company will launch its practi-
cal applications under contract to Fukuvi
Chemical Industry Co., Ltd.

Success in Synthesizing Asbolite

The Government Industrial Research In-
stitute, Nagoya, has determined that the
main component mineral of natural asbolite
is thin plate-shaped lithiophilite containing
cobalt, and has also succeeded in produc-
ing a new type of synthetic asbolite by
hydrothermal synthesis. Natural asbolite is
mainly produced at Seto, Aichi Prefecture,
but the price is high since no one pro-
spects for it and only ceramic artists use
it. For general use, spinel solid-solution
synthetic asbolite is used. However, it has
problems such as inferior workability under
the painter’s brush, diffusion on the base
during painting, and the difficulty of
sintering in light indigo. The new syn-

thetic asbolite has been produced by
hydrothermal processing at about 240°C
for three days from a starting material
containing lithium hydroxide, aluminum
hydroxide, manganese dioxide and cobalt
hydroxide. The particle size of synthetic
asbolite is 0.1 to 1fm. The fine plate-
shaped particles make handling of a paint-
ing brush easy and the solubility in water
makes the diffusion of paint on the base
excellent. The unique coloring of asbolite
is likely to be applied to industrial pro-
ducts of new design.

High Toughness Realized for Silicon
Nitride Ceramic

NKK (Nippon Kokan K.K.) has developed
a silicon nitride ceramic with a fracture
toughness of 12, which is double the value
of conventional ceramic. The company
tried to improve toughness by minute
structure control aiming at improving the
reliability of the normally brittle ceramic
material. They achieved this aim making
the needle crystals in the structure larger,
and by preventing the cracks from running
linearly. Needle crystals are much larger
than whiskers, and toughness increases as
the grain size increases. Generally speak-
ing the bending strength decreases as the
fracture toughness increases, but the
bending strength of this silicon nitride
ceramic is more than 0.10g/mm?, which is
the same level as the conventional
material. The Weibull coefficient (derived
from the correlational relation between
three points of bending strength and
accumulated fracture probability) is 26.1,
which exceeds 20, the final target value of
the national project. As this ceramic does
not contain extraneous material like whis-
kers, complicated shapes can easily be cast
by injection molding. Since the brittle-
ness, which has been the biggest demerit
of this ceramic, has been greatly improved,
applications in the ficld of automobiles and
machine parts are anticipated.
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Manufacturing Technology for
Sintered Titanium Boride

The Research Development Corp. of
Japan (JRDC) has selected a manufacturing
technology for sintered titanium boride as
an item which can be developed for com-
mercialization. The technology is a result
of research made by Prof. H. Saito of the
Toyota Institute of Technology, and
Toshiba Ceramics Co., Ltd. will conduct
the commercialization development. Tita-
nium boride has low specific gravity and
high hardness, corrosion resistance and
electro-conductivity and it can easily be
separated from molten metal. It also com-
mands attention as an industrial material
because it is chemically stable. Sintera-
bility is greatly improved by mixing with a
small volume of sintering aids such as
chromium powder or nickel powder and
carbon powder. Dense sintered titanium
boride is manufactured by sintering under
atmospheric pressure in an inert gas
atmosphere. In this way it is possible to
manufacture titanium boride which has a
large and complicated shape with excellent
hardness, corrosion resistance and electro-
conductivity. The development period is
two and a half years and the entrusted
development expenditure will be about 350
million yen.

Electroheating Lighter Using
Ceramic Fiber

The Free Energy Research Institute has
developed a high temperature resistant
electroheating lighter with a ceramic fiber
used as an exothermic heating wire.
Previously lighters of this type used
platinum or nichrome wire. The ceramic
fiber used this time is much superior in
heat-resistance and heat-response perfor-
mance to the conventional metal wires.
The lighter is instantly white-heated when
switched on, using two dry batteries of
3V. As there is no flame as in a gas or
oil lighter, it is very safe and can be used
in strong wind with no problem. The
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Photo 1. Microstructure of silicon nitride ceramic,
by existing process (left) and by new process
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company is aiming at the commercialization
of the product with such variations in the
design as switch type and method of
applying a shutter to the heater surface.

Photo 1. Electroheating lighter
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Metal Baking Ceramic Material for
Dental Use

Noritake Co., Ltd. has been promoting
the research and development of high-tech
materials utilizing the ceramic technology
developed through its manufacture of high
grade ceramic tablewares. One of the
areas of development is dental-use
materials, and ceramic material for metal
baking is a representative product. The
product was developed in joint research
with Ms. Kiyoko Saka, who was instruction
chief at Tokai School for Dental Treatment
at that time. The product has three
superior characteristics. (1) There is no
change in thermal expansion at any baking
condition, and so there will be no cracks
for a wide range of metals. (2) As there
is no need to worry about yellowing, semi-
precious materials including silver can be
used without anxiety. (3) The material has
an ideal fluorescent color which shows no
difference from the color of natural teeth.
The company sells, at the present time,
dental materials such as ceramics, alloy
metals, calcined gypsum, anhydride, em-
bedding materials, fire-resistant model

Journal of the Ceramic Society of Japan, International Edition

making materials, etc, and presently
occupies about 20% of the domestic mar-
ket.  Although domestic and imported
products are competing on equal terms and
the competition is very tough, the com-
pany is aiming at obtaining a 30% market
share.

Photo 1. Ceramic material for
metal baking
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Periodic Dynamic Filtration by Use of Ceramic
Filter with Rotating Cylinder

Toshiro Murase, Eiji Iritani, P. Chidphong
and Katsuhiro Kano

Dept. of Chem. Eng., Nagoya Univ., Nagoya 464-01

Key Words : Solid Liquid Separation, Filtration, Dynamic Filtration, Periodic Opera-

tion, Yeast, Rotating Cylinder, Ceramic Membrane

A coaxially rotating cylinder type of dynamic filter with a ceramic membrane
was used for microseparation of a “difficult-to-filter” suspension containing very-
fine particles. In this study a high filtration rate of suspended yeast was investigat-
ed, using a periodic dynamic filtration by rotating the cylindrical membrane intermit-
tently.

Periodic dynamic filtration comprises two operational modes: 1) the filtering of
a dilute suspension with a static membrane at a constant pressure, and 2) the sweep-
ing of filter cake from the membrane by closing the filtrate drainage channel and
rotating the membrane at a high speed. A much higher filtrate flux can be achieved
by this newly developed technique than that produced by conventional dynamic filtra-
tion with a continuously rotated medium. Based on the fact that medium resistance
can be empirically evaluated in terms of the repeated number of filtration cycles,
Ruth’s filtration equation is used here to predict the time change of filtrate volume.
It is shown that the optimum filtration time, 0. .5, gradually increases with the in-

crease of total operational time, 0.

Experimental Investigation of the Decrease of
Grinding Rate in Planetary Ball Milling

Qian-Qiu Zhao and Genji Jimbo
Dept. of Chem. Eng., Nagoya Univ., Nagoya 464
Key Words : Grinding, Grinding Rate, Coating, Planetary Ball Mill, Two-Phase
Model

Dry grinding experiments were carried out with a planetary ball mill. Layer
particles adhering to the mill wall and freely movable particles in the mill were sep-
arated from each other and changes in their weight fractions, size distributions and
specific surface areas with grinding time were measured for various balls, feed sizes
and powder fillings. Certain correlation between the decrease of grinding rate and the
increase of coating particles was confirmed and a new empirical equation for expres-

sing the change of specific surface area of product in batch grinding were derived.

Growth of the High-T, Phase in the Bi-Pb-Sr-Ca-Cu-0
Superconducting Oxide System

Yasushi Havasui, Hideo KOGURE and Yasuo Gonpo
Faculty of Engineering, Yokohama National University, Yokohama 240

We studied the effects of the sintering temperature and the cooling rate on the depth profiles of the fraction of the
high-T phase in the Bi-Pb-Sr-Ca-Cu-O superconductors. We used X-ray diffraction patterns to estimate the fraction
of the high-T, phase. We found that the larger fraction of the high-T phase grew inside the samples. Such depth profiles
can possibly be explained by the desorption of oxygen in heating and the absorption of oxygen in cooling.
KEYWORDS: Bi-Pb-Sr-Ca-Cu-0 superconductor, high-T. phase, X-ray diffraction patterns, depth profile, cool-

ing rate, sintering temperature
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Vol. 28, No. 11, November, 1989 Nonresonant Microwave Absorption of Single Crystals
pp. L1912-L1914 in the Bi-Sr-Ca-Cu-0 System

Kimihito TAGAYA, Nobuo Fukuoka and Shigemitsu NAKANISHI
Department of Materials Science, University of Osaka Prefecture, Sakai, Osaka 591

A nonresonant microwave absorption was observed for single crystals in the low-T, phase of the Bi-Sr-Ca-Cu-O
system, and a critical field in the resonance was investigated. This field may be the lower critical field. The anisotropy of
critical field was uniaxial along the c-axis, and its principal values were determined to be 26 and 36 Oe at 77 K for the c-
axis and the c-plane, respectively. Further, the lower critical field at 0 K was roughly estimated.

KEYWORDS: high-T, superconductor, nonresonant microwave absorption, Bi-Sr-Ca-Cu-0, low-T, phase,
lower critical field, anisotropic property

Japanese Journal of Applied Physics
Vol. 28, No. 11, November, 1989 — Estimate of T.—
pp. L1915-L1917 ¢

Satoshi Isnizaka and Takeo 1zZuyAMA

Mass Reduction Mechanism in High 7, Superconductivity

Institute of Physics, College of Arts and Sciences,
University of Tokyo, Komaba 3-8-1, Meguro-ku, Tokyo 153

A two-dimensional electron lattice with alternating spin alignment is considered. When a certain number of holes or ex-
cess clectrons are injected into this lattice, they will fall into the bound state with the lowet energy, leading to novel super-
conductivity. The bound state is formed by a pair of holes (or excess electrons) through the mass reduction mechanism.
The transition temperature for superconductivity is given by the gap equation, which is solved exactly.

KEYWORDS: origin of high T, superconductivity, mass reduction mechanism, il
. . i i i > u = o H

Japanese Journal of Applied Physics Reaction Mechanism of High-T, Phase (7.=110 K) Formation

Vol. 28, No. 11, November, 1989 in the Bi-Sr-Ca-Cu-0 Superconductive System

PP- L1918-L1921 Jun TsucHiva, Hozumi ENDO, Naoto KiJiMA,

Akihiko SuMiyAMA, Masaaki Mizuno and Yasuo OGURI
Research Center, Mitsubishi Kasei Corporation,
1000 Kamoshida-cho, Midori-ku, Yokohama 227
The reaction mechanism to produce the high-T, phase was investigated using X-ray powder diffractometry and ther-
mogravimetry and differential thermal analysis (IG-DTA). The high-T, phase was produced through the low-T, phase
(Bi,Sry_,Ca,Cu,0,, 1 <x<2) which was formed as an intermediate reaction product and also as a precursor of the high-
T, phase. In order to produce the high-7, phase, it is necessary that the melting point of the low-T, phase be lower than
that of the high-T, phase. Increase of Ca content in the low-T, phase or decrease of ambient partial oxygen pressure dur-
ing calcination are quite efficient to decrease the melting point of the low-T, phase, and hence to enhance the formation
of the high-T, phase.
KEYWORDS: superconductor, Bi-Sr-Ca-Cu-0 system, solid-state reaction, reaction mechanism, X-ray diffrac-
tion, TG-DTA

Japanese Journal of Applied Physics Effect of Low-Temperature Annealing on the Coupling at Grain

Vol. 28, No. 11, November, 1989 Boundaries in Sb-Doped (Bi, Pb),Sr,Ca,Cu30, Superconductors

pp. L1922-L1925

Ryuji SATO, Takayuki KomMATsU, Kazumasa MATUSHITA
and Tsutomu YAMASHITA'

Department of Chemistry, Nagaoka University of Technology, Nagaoka 940-21
'Deqarlmenl of Electronics, Nagaoka University of Technology, Nagaoka 940-21

We examined the effect of further annealing at low temperatures in the range of 300°C to 700°C on the coupling at

grain boundaries of the high-7, phases in superconducting Sb-doped (Bi, Pb),Sr;Ca,Cu,0, ceramics prepared by the
melt-quenching method. It was found that the weak coupling at grain boundaries of the high-T, phases was remarkably
improved by anncaling at 500°C under the presence of oxygen. The improved coupling at grain boundaries was again
weakened by anncaling at 600°C or 700°C due o the occurrence of a new reaction.

KEYWORDS: Bi-Pb-Sr-Ca-Cu-O system, Sb-doped, weak coupling, grain boundary, melt-quenching method

Nippon Kinzokugaku Kaishi
Vol. 53, No. 11 (1989)
1153-1160

Characterization of Nitride Ceramic-Metal Joints Brazed with Ti Containing Alloys

Masako Nakahashi*, Makoto Shirokane* and Hiromitsu Takeda*

Joining nitride ceramics to metals was tried using various brazing alloys containing titanium. Ti-Ag-Cu
and Ti-Cu brazing alloys showed good bondability to both silicon nitride and aluminum nitride. The
microstractural and compositional change in the joints were investigated by X-ray diffraction, scanning elec-
tron microscopy, auger electron microscopy and other analytical methods.
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Japanese Journal of Applied Physics Crystal Structure and Characterization of
Vol. 28, No. 11, November, 1989 the New TlI(La,Sr);CuOs-Type Superconductor
pp. L1926-L1928

Takashi MocHiku, Toshio NaGasHiMA!, Masaya WATAHIKI!,
Yuh Fukai! and Hajime AsaNO

Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305
'Faculty of Science and Engineering, Chuo Universiry, Bunkyo-ku, Tokyo 112

We have discovered a new superconductor Tl(La,Sr),CuQj with transition temperature of about 40 K. The crystal
structure of this material was determined by Rietveld analysis of powder X-ray diffraction data. The result indicates Cu-
substitution for the Tl site and/or deficiency in the Tl site, and location of La and Sr on the Sr site in the TI-O monolayer
TISr,CuO4 compound: the compounds have general formulas Tl,_,LaSrCu,,,O; and Tl,_ LaSrCuO;. In both systems,
superconducting properties were improved by Cu-substitution for the Tl site and deficiency of the Tl site.
KEYWORDS: superconductivity, TISr,Ca,-Cu,03.,, (TI,Cul(La,Sr);CuOg, powder X-ray diffraction, electrical

resistivity, magnetic susceptibility, electron probe microanalysis, Rietveld analysis

Japanese Journal of Applied Physics On the Formation of High-T, Phase in Mo-Doped

Vol. 28, No. 11, November, 1989 (Bi, Pb),Sr,Ca;Cu30, Superconductors
pp. L1929-L1931
Ryuji SaTo, Takayuki KoMmATsu, Nozomu TAMOTO,
Kazuhiko SAwADA', Kazumasa MATUSITA and Tsutomu YAMASHITA'

Department of Chemistry, Nagaoka University of Technology, Nagaoka 940-21
'Central Research Laboratory, Mitsubishi Cable Industries, LTD., Amagasaki 660
""Department of Electronics, Nagaoka University of Technology,
Nagaoka 940-21

We prepared superconducting Bi, 4_,Pb,Mo,Sr;,Ca,Cu,0, (x=0.05 and 0.1) and Bi,¢Pbg,-,Mo,Sr,Ca,Cu,0,
(x=0.1,0.2, 0.3 and 0.4) ceramics by the melt-quenching method and examind the effect of Mo addition on the supercon-
ducting properties. It was found that the formation of the high-7, phase was largely enhanced by the coexistence of Pb
and Mo elements. It was concluded that the lowering of the partial melting temperature at around 870°C caused by the
addition of Mo element was very important for the formation of the high-T, phase.

KEYWORDS: high-T, superconductor, Bi-Pb-Sr-Ca-Cu-0 system, high-T. phase, Mo-dope, melt-quenching
method

Japanese Journal of Applied Physics : T I
Vol. 28, No. 11, November, 1989 Superconducting Glass-Ceramic Fine Rods in Bi;Ca,SrCu,Aly 5O,

pp. L1932-L1935 Prepared under a Temperature Gradient
—T, and the Texture of Specimen—

Yoshihiro ABE, Hisashi ARAKAWA, Masahiro HOSOE,
Yasuo HikicHi, Jiro Iwasg, Hideo Hosono
and Yukio Kuso*

Department of Materials Science and Engineering,
Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466

Fine glass rods (dia. 1 ~2mm) in Bi,Ca,Sr,Cu,Al, O, prepared by pumping up the melt at 1150°C into Si0, glass
tubes were reheated to 845°C according to a given procedure under a temperature gradient (=30°C/mm) or under no
temperature gradient. The incorporated Al enh i the glassification. In the former i crystals grew well to
become much larger, and impurity Al was excluded from the superconducting phases on crystallization under a tempera-
ture gradient to form aluminous fibers; the T,(zero) is ~80 K and a shoulder appears around 110 K.

KEYWORDS: superconducting glass-ceramics, crystallization, temperature gradient, bismuth-oxide-based
superconductor, glass-ceramics, superconducting rods

Japanese Journal of Applied Physics
Vol. 28, No. 12, December, 1989 Properties of a Fluorine-Doped Y-Ba-Cu-Oxide
pp. L2178-1.2181 Superconductor Prepared by Hot-Pressing

Tsuneyuki KANAI, Tomoichi Kamo and Shin-pei MATSUDA
Hitachi Research Laboratory, Hitachi Ltd., Hitachi, Ibaraki 317

Fluorine doped Y-Ba-Cu-oxide samples prepared by hot-pressing showed superconductivity without a subsequent
heat treatment in oxygen, in contrast to the semiconducting behavior of undoped samples. CuF, powder was used as the
fluorine source. Powders with the nominal composition YBa,Cu,0,F,, were hot-pressed in oxygen atmosphere at 900-
950°C; a density of 5.72-5.83 g/cm’ was obtained. The Meissner effect was observed at 93 K and 75 K in the samples
hot-pressed at 900°C and 950°C, respectively. The differing superconductivity between the undoped and F-doped
samples may be due to changes in the average copper valence in the Y-Ba-Cu-O system.

KEYWORDS: high-T, superconductor, Y-Ba-Cu-O-F system, hot-pressing
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Japanese Journal of Applied Physics . Effe‘ct of 12;) MeV 160 lo-n lrradialio.n at Li(!uid Nitrogen
Vol. 28, No. 11, November, 1989 emperature on Superconducting Properties of Bi-Pb-Sr-Ca-Cu-0

pp. L1939-L1941 Akihiro IWASE, Mitsuo WATANABE, Tadao IWATA
and Takeshi NiHira®
Department of Physics, Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, Ibaraki 319-11
'Faculty of Engineering, Ibarak: University, Hitachi, Ibaraki 316

Bi-Pb-Sr-Ca-Cu-O superconductor is irradiated at liquid nitrogen temperature with 120 MeV "0 ions up to the
fluence of 3.5% 10"/cm’. Transition temperature T, and critical current /. at 77.3 K decrease with increasing ion fluence.
Annealing of the specimen up to 300 K after irradiation causes a slight recovery of T. and I.. However, recovery of the
electrical resistance above 100 K is not observed.

KEYWORDS: Bi-Pb-Sr-Ca-Cu-0, electrical resistance, 120 MeV '°0 ion irradiation, recovery of T. and /.

Japanese Journal of Applied Physics
Vol. 28, No. 11, November, 1989 ¢
pp. L1942-L1944 in YBa,CulOs

Koji YaMAGUCH!, Takayuki MIYATAKE, Tsutomu TAKATA,
Satoshi GoToH, Naoki KosHizuka and Shoji TANAKA

High-Resolution Transmission Electron Microscopy of Defects

Superconductivity Research Laboratory,
International Superconductivity Technology Center,
Shinonome [-10-13, Koto-ku, Tokyo 135

Microscopic structures of the high-T. superconductor Y Ba,Cu,O,(7,=80 K) are examined by high-resolution transmis-
sion electron microscopy. Planar defects are observed as white spot lines in the micrograph of the single-phase
YBa,Cu,0y and they have a structure with an absence of one Cu-O chain in the double Cu-O chain of YBa,Cu,04.
YBa,Cu,0, and Y,Ba,Cu;0,¢like local structures exist around the planar defects.

KEYWORDS: high temperature superconductor, YBa;Cus0, transmission electron microscopy, planar defects
Japanese Journal of Applied Physics Absorption and Desorption of Oxygen in Y;B2,Cu;07-5
Vol. 28, No. 11, November, 1989 , . . =
pp. L1945-L1947 Toshio UMEMURA, Kunihiko EGAwA, Mitsunobu WAKATA

and Kiyoshi YosHIZAKI

Materials & Electronic Devices Laboratory, Mitsubishi Electric Corporation,
1-1-57 Miyashimo, Sagamihara, Kanagawa 229

The absorption and desorption velocities of oxygen in a Y Ba,Cu,0;-5 sintered sample were measured by a ther-
mogravimetric analysis when the atmospheric gas of nitrogen was exchanged for oxygen and oxygen for nitrogen. The
weight change of the sample could be expressed by an exponential function of time in each process. In the absorption pro-
cess of oxygen, tie time constant was a complex function of the temperature, while in the desorption process, it was the

temperature ¢. The diffusion constant and the activation energy were estimated at the tempera-
ture range of the tetragonal phase.

KEYWORDS: high-T, superconductor, Y,Ba;Cu;0,-4 diffusion coefficient, diffusivity, activation energy,

polycrystal
Japanese Journal of Applied Physics
Vol. 28, No. 11, November, 1989 High Pressure Oxygen Treatment and the Substitution of Sr for Ba
pp. L1948-L1951 on (Ndy;3Bay/3)2(Cey/3Ndy/3);Cuz0, Superconductor

Hitoshi Nosumasa, Kazuharu Snimizu, Yukishige Kitano',
Masataka TANAKAT and Tomoji Kawai'!

Composite Material Lab., Toray Ind. Inc., 2-1, Sonoyama 3-chome, Otsu, Shiga 520
'Toray Research Center Inc., 1-1, Sonoyama I-chome, Otsu, Shiga 520
"The Institute of Scientific and Industrial Research,
Osaka University, lboraki, Osoka 567

Substitution of Sr for Ba in the (Nd,;;Ba,;),(Ce,/;Ndy/5),Cuy0, superconductor has been performed together with
high pressure oxygen treatment, and the relationship among Sr content, lattice parameter, hole concentration and
superconducting properties has been clarified. It has been found that there is a strong relationship between superconduct-
ing transition temperature (7,) and c-axis length. The highest .. and Tc,,,_ of the (Nd,,,(Bay(Sry/a)11):Ce, /3Ndy)5);
Cu,0, treated under 1300 atm oxygen pressure at 600°C for 24 hours are 59.3 K and 41.4 K, respectively. These transition
temperatures are about 10 K higher than those of unsubstituted one.

KEYWORDS: (Nd,3(Ba;_,Sr,)3/3)2(Cey/3Nd;/3),Cu30,  super . high p oxygen treatment,
substitution effect, hole concentration, lattice parameter, the Cu valence state
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Japanese Journal of Applied Physics X-Ray Photoemission Spectroscopy of Nd,-,Ce,CuOs4-, and La,_,Sr,CuOy
Vol. 28, No. 11, November, 1989 . ) ) N
PP- L1952-L1954 Hiroyoshi I‘suu, Takehl.to KOS.H[ZAWA, le_c')mlchl KATAURA,
Takaaki HANYu, Hiroyuki Takal, Kenji MizoGucHi,
Kiyoshi KuME, lkuyo SHiozAkl and Shigeo YAMAGUCHI

Department of Physics, Faculty of Science, Tokyo Metropolitan University,
Fukazawa, Setagaya-ku, Tokyo 158

We have measured the Cu 2p and O Is X-ray photoemission spectra of the high-T, superconductors Nd,_,Ce,CuO,_,
and La,_,Sr,CuOQ,, and the copper oxides CuO and Cu,0. The Cu 2p spectra of superconductors show features similar
to those of CuO with divalent Cu ions. For Nd,_,Ce,CuO,_,, the intensity ratio of the satellite to the main peaks
decreases with increasing Ce content. The O 1s spectra exhibit a single-peaked structure and are insensitive to whether
either electron or hole is doped.

KEYWORDS: XPS, Nd,-,Ce,Cu0,_,, La,_,Sr,Cu0y, carrier, valence

Japanese Journal of Applied Physics Contact Resistance and V-I Characteristics
Vol. 28, No. 11, November, 1989 in a Ag-Doped Bi-Sr-Ca-Cu-O Superconductor
pp. L1955-L1958

Noriyuki SHIMIZU*, Kazuo MicHISHITA, Yutaka HIGASHIDA,
Hisanori YOokoyAMA**, Yumi HAvamI, Yukio Kuso,
Eikichi INukAl, Akira Sasi', Noboru Kuropa'
and Hiroshi YOsHIDA'

Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta, Nagoya 456
'Electric Power Research and Development Center, Chubu Electric Power Co., Inc.,
20-1 Kitasekiyama, Odaka, Midori, Nagoya 459

Contact resistance and V- characteristics were investigated in Ag-doped and undoped Bi-Sr-Ca-Cu-O bulk samples
Prcparcd by the f\o.allr‘g-zone method. In undoped samples, with increasing current pulse width, rapidity of voltage rise
in V-I characteristics increases and J, decreases. The contact resistance is and e di is
s.emlconduclorllkc. In a Ag-doped sample, rapidity of voltage rise and J, are not influenced by pulse width, and devia-
tion of J. among samples is small. The ohmic contact resistance has metallike temperature dependence, and its value is
less than 1/500 of that in an undoped sample.

KEYWORDS: Bi.-Sr—CaACufO'svslem, Ag-doping, floating zone method, V-I characteristics, contact resistance,
critical current density, pulse width, n value

Japanese Journal of Applied Physics Relation between Cu L X-Ray and Cu 2p Photoelectron in YBa,Cu30,

Vol. 28’ No. 11’ November, 1989 Masanori Fusinami, Hiroki HAMADA, Yoshihiro HASHIGUCHI
pp. L1959-L1962 and Takashi OHTSUBO

Materials Characterization Research Laboratory, Nippon Steel Corporation,
1618 Ida, Nakahara-ku, Kawasaki 211

X-ray emission spectroscopy (XES) is applied to the study of the electronic structure of Cu in YBa,Cu,0, superconduc-
tors. It is shown that the Cu L,/L, intensity ratio of the orthorhombic sample is about 4% higher than that of the
tetragonal sample. The origin of this difference can be discussed consistently using Cu 2p X-ray photoelectron spec-
troscopy (XPS) spectra, indicating that the effect of charge transfer from O 2p to the Cu 3d hole is comparatively small
for the orthorhombic sample in generation of Cu 2p hole. It is confirmed that the probability of 12p3d"’L) and
12p3d""L?) in the intermediate state for the tetragonal becomes higher in L line X-ray emission than that for the orthorhom-
bic. As the result, the population of My for the orthorhombic becomes low and only the intensity of L, line is decreased.

KEYWORDS: high-T, superconductor, YBa,Cu;0,, X-ray emission spectroscopy, X-ray pho(oelaclror; spec-
troscopy, Cu L X-ray intensity, charge transfer

Japaoese Journal of Applied Physics The Oxygen Potentials in the Y,0;-BaO-CuOy System
Vol. 28, No. 11, November, 1989 ¢ Bosow | K Kouneoxa
pp. L1963-L1966 . Borowiec and K. Kol

Warsaw University of Technology, Institute of Solid State Technology,
00-664 Warsaw, Noakowskiego 3, Poland

The oxygen potential for some chosen four and three-phase combinations has been measured at 750-1000°C ufing
2olid ZrO,+ CaO electrolyte. On the basis of log Po, values, the Gibbs energies of reactions for many possible r:acuon.s
in the system were obtained. The reactions with the Y;BaO, on the left sides exhibit negative entropy due to decomposi-
tion of Y,BaO, below about 850°C. The positive entropy for several reactions clearly indicates that ternary cuprates su.ch
as Y,BaCuOy, YBa,Cu,0,, YBa,Cu,0, and Y,Ba,Cu,0, are entropy-stabilized compounds. These cuprates become in-
creasingly less stable with decreasing temperature and on cooling there are temperature limits below which these cuprates
are metastable.
KEYWORDS: superconductivity, Y-Ba-Cu-O system, oxygen potential, stability of cuvprales, EMF measure-

ments, the Gibbs energies of reactions
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Japanese Journal of Applied Physics
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pp. L1970-L1972

Nippon Kagaku Kaishi
1989 (12)
p. 2018-2021

Chem. Pharm. Bull
37 (11) 3070-3073 (1989)

Preparation of a Ag-Doped Bi-Sr-Ca-Cu-O Bulk Sample
by the Floating-Zone Method

Yukio Kuso, Kazuo MicHisHITA, Noriyuki SHiMizu*,
Yutaka Hicasiipa, Hisanori YokoyAMA**, Yumi HAYAMI,
Eikichi INukal1, Akira Sant, Noboru Kuropa'
and Hiroshi YOSHIDA!

Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456
'Electric Power Research and Development Center,
Chubu Electric Power Co., Inc., 20-1 Kitasekiyama, Odaka-cho, Midori-ku, Nagoya 459

Bulk samples with nominal composition of Bi,Sr,CaCu,0, doped with 0, 10 and 20 weight % Ag were prepared by the
floating-zone method at growth rates of 2 mm/h and S mm/h. Ag-doping seems to slightly enhance J,, while annealing
is very effective for J, enhancement. From preliminary ac susceptibility . the J, enh by i
is considered to be due to improvement of the weak link between superconducting grains.

The 10% Ag-doped sample grown at 2 mm/h possessed J, of 5360 A/cm? at 77 K under zero magnetic ficld after an-
nealing.

KEYWORDS: Bi-Sr-Ca-Cu-0 system, Ag-doping, critical current density, floating-zone method, annea!in

Improvement of Surface Flatness on BiSrCaCuO Film
Yasuhiro NAGAI and Koji Tsuru
NTT Applied Electronics Laboratories, Tokai, Ibaraki 319-11

This paper reports on the improvement of the surface flatness on BiSrCaCuO films. By keeping the film surface in con-
tact with a MgO(100) plane during annealing, it is possible to greatly improve the surface Natness at each annealing tem-
perature, The smooth surface is mainly made up of several-um platelike crystals approximately 60 nm thick. The average
surface roughness is determined by the annealing temperature, regardless of film thickness, in the range of 0.1-1.5 ym.
As the critical temperature and surface morphology change duc to the contacted MgO crystal plane, the improvement of
surface flatness is considered to result from the crystal growth restriction on the film surface in contact with a MgO(100)
plane.

KEYWORDS: surface flatness, BiSrCaCuO film, MgO-contact annealing, crystal growth restriction

Firing Process of Calcium Phytate and Synthesis of Hydroxyapatite'

Fumiaki Yamaoa. Yasunari Kaneko and Hiromichi Iwasaxi*

Department of Chemistry, Faculty of Science and Engineering, Ritsumeikan University ;
Toji-in Kitamachi, Kita-ku, Kyoto-shi 603 Japan

A hydroxyapatite (ITAp) has been synthesized using as a P-source phytin contained in rice
bran. Phytin was extracted [rom the oilless tice bran by HCI solution.  The mixtures of
CaCO, (0.7g) and Ca(OH), (0.3 g) were added to the extract of 200 m/ containing phytin to
obtain the precipitate of calcium phytate including CaCO,. Finally the precipitate fired at
1000°C for 3 h to yield HAp powders

In this paper, the formation process of calcium phytate were observed with TEM and the
composition of the fired 11Ap powders were examined by using X-ray diffraction, IR measure-
ment etc.

The density of HAp powder obtained was 3.12 glem®.  While shape of HAp powder was
spherical particle of about 0.2 gm in diameter. It was also confirmed that the spherical HAp
maintaised a stable HAp struciure even in the heat treatment at 1300°C, but decomposed into
CaO, a-TCP, a-Ca,P,0, p-Ca,P,0, at 1400°C.

t Synthesis of Hydroxyapatite Powder from Rice Bran as Starting Materials. .

Effect of Particle Shape on the Compaction and Flow Properties of Powders

Kazumi DaNJ0.* Kazutoshi KiNosHiTA, Kazutaka KiTaGawa. Kotaro lipa, Hisakazu SUNADA and Akinobu OTSUKA

Faculty of Pharmacy. Meijo Umiversity. Yagoio-Urayama. Tempaku-cho. Tempaku-hu, Nagoya 468. Japan. Reccived March 3. 1989

In order to clarify the effect of particle shape on the mechanical properties of powders. such as compaction and flow,
the centrifugal compaction test, the tensile test, the direct shear test and Carr’s flowability test were carried out on
several kinds of fine powders having various particle shapes. Introducing the concept of ““apparent adhesion,” the effect of
particle shape on the porosity, was examined. It was found that the porosity of a powder bed diminished as the sphericity
of the particles increased. The flow properties were also affected by particle shape. With increasing shape factor, the
flowability increased.

Keywords  particle shape; compaction: porosity: tensile sirength: apparent adhesion. repose angie: flowability
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Shigen Sozaigaku Kaishi Applicability of Displacement Discontinuity Method to Crack Problems

105 (1989) No. 13 by Takumi SHIBA', Katsuhiko KANEKO?, Yuzo OBARA? and Katsuliiko SUGAWARA®
981-986

Displacement Discontinuity Method (DDM) is one of useful means for analyzing the stress state and the
deformation of the discontinuous body. However, it is well known that the accuracy of DDM analysis using the
conventional scheme is not satisfactory for solving the crack problem.

In this paper, the improvement of the accuracy ol DDM analysis on the crack problem and the applicability
ol DDM to the stress analysis of the jointed rock are discussed. Firstly, the analytical error of the DDM on the
crack problem is discussed and a new scheme for numerical modeling of the crack is presented. Secondly, some
numerical results ol crack problems are shown and it is confirmed that the stress and the displacement fields can
be analyzed sufficiently and accurately by DDM based on the proposed scheme. Finally, the mechanical behavior
ol elastic body which contains many cracks is analyzed and it is made clear that the deformability of the elastic
body is strongly affected by not only the density and orientations of cracks but also geometrical distribution of
them.

It is concluded that the DDM based on the proposed scheme make a promise to analyze the stress state and
deformation of the discontinuous material like jointed rock.

Shigen Sozaigaku Kaishi Influence of Particle Shape on Grindability
105 (1989) No. 13
995-999

——— Relationship between probability of fracture and shape index
by Yoshiteru KANDA', Yoshio MAKUTA? and Toshihiko IMAMURA?

In order tostudy the influence of particle shape on grindability, a crushing test was performed using a simple
diop weight method. The samples used were quariz and limestone. The number of specimens prepared were
10,000 picces of 5 ~ 6 mesh quartz and 5,000 picces of 4 ~6 mesh limestone. The shape index defined by
(diameter of a circumcircle/thickness) was measured by slide caliper and classified by value of shape index into
five groups respectively. Assuming that the potential energy of a ball was the energy input to a specimen, the
relationships between probability of fracture and dropping height of a ball or specific energy input to specimens
were obtained experimentally. As a result, it was found that the probability of fracture increased with increase

in shape index.

Chem. Pharm. Bull Interactions of Aspartic Acid, Alanine and Lysine with Hydroxyapatite
37(11) 2897-2901 (1989) Hideji TAnAKA,**"" Koichiro MivasiMA,® Masayuki NakaGak1,*? and Saburo SHiMABAYASHI®

Faculty of Pharmaceutical Sciences, Kyoto University * Yoshida-Shimoadachi-cho. Sakyo-ku. Kyoto 606, Japan
The University of Tokushima* Sho-machi 1-78-1. Tokushima 770, Japan.  Reccived May 19, 1989

“ b
Hideji TANAKA,**"! Koichiro Mivasinma.” Masayuki NAKAGAKL, 2 and Suburo SIIMARAYASHI
Faculiy of Pharmaceutical Sciences, Kyoto University * Yoshida-Shimoadachi-cho. Sukyo-ku. Kyoto 608, Jupan and Faculty of Pharmaceutical Science
The University of Tokushima.> Sho-mach 1-78-1. Tokushima 770, Japan.  Recetved May 19. 1989

Adsorption of amino acids (aspartic acid, alanine and lysine) on synthetic hydroxyapatite (HAP;
Ca,,(PO,),(OH),) was investigated. The surface ion (calcium or phosphate ion) with the same sign of the electric charge
as that of the terminal group of the adsorbed amino acid was released from HAP. Aspartic acid and lysine showed high
affinity to HAP in weak acidic solution and in weak alkaline solution, respectively, owing to the opposite charges of HAP
and these amino acids. On the other hand, the affinity of alanine was low and almost independent of the solution pH. It
was concluded that the dominant factor for the adsorption is the electrostatic interaction between the amino acid and the
HAP surface. This interaction was shielded by the addition of an indifferent salt for HAP: KCI. However, when calcium
or phosphate ion was added to the solution, the adsorbed amount of aspartic acid or lysine increased, respectively, due to
the increase in the opposite surface charges to that of the adsorbed amino acid.

Keywords hydroxyapatite: adsorption: amino acid: clectrostatic interaction; release; incongruent dissolution; aspartic acid;
alanine; lysine

Japanese Journal of Applied Physics Superconductivity in TI-Bi-Ca-Sr-Cu-O and TI-Bi-Pb-Ca-Sr-Cu-O Systems
Vol. 28, No. 12, December, 1989
pp. L2192-12195

Yasuko Torii, Hiromi TAKE! and Kouji TADA

Basic High-Technology Labo: ies, Electric Ind , Lid.,
1-1-3 Shimaya, Konohana-Ku, Osaka 554

The influence of the substitution of Bi for Tl on the formation of the superconducting phases in TI-Bi-Ca-Sr-Cu-O
and TI-Bi-Pb-Ca-Sr-Cu-O systems was investigated. The superconducting (T1, Bi)Ca,Sr,Cu,0 phase with critical tem-
perature of 113 K showing both zero resistivity and diamagnetism is prepared in a TI-Bi-Ca-Sr-Cu-O system. The
erystal structure of this phase is tetragonally symmetric with lattice constants of a=3.813(3) A and c=15.266(5) A. The
superconducting tetragonal phase of (T1, Bi, Pb)Ca,Sr,Cu,0y is also formed in a TI-Bi-Pb-Ca-Sr-Cu-O system.

KEYWORDS: superconductivity, TI-Bi-Ca-Sr-Cu-0 system, Ti-Bi-Pb-Ca-Sr-Cu-O system, Bi substitution, Pb
substitution, critical temperature, DC magnetic susceptibility
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Zaivgn Evaluation of Thermal Shock Resistance in Ceramic Materials
Vol. 39, No. 435, Dec. 1989 » o N Sexryaee
1415-1421 Shiro AKiyAMA*, Yuji KIMURA** an ichio

Evaluations of thermal shock resistance, including the onset of crack propagation and progres
crack growth, and examinations to the deterioration property for tetragonal zirconia polycrysta
(TZP), silicon nitride and silicon carbide were conducted under various repeated thermal shock condi-
tions. Vickers indented specimens with various surface flaws sizes were employed for these experi-

ments.

The results obtained were summarized as follows :

(1) The minimum thermal shock condition required for the onset of crack propagation was prop-
ortional to the inverse square root of surface crack length under repeated thermal shock conditio!

(2) The actual stress intensity factor K, of cvick near the specimen surface was obtained by using
a fracture mechanics formula for semielliptical flaws and making some corrections to the thermal
stress value by taking the Biot modulus difference into considerations. As a result, K, values of TZP,
silicon nitride and silicon carbide were found to be about 17~33%, 17% and 6.9% compared with those
calculated without corrections from the surface half crack length by employing usual fracture mecha-
nics formula

(3] TZP, which has the largest K,. value and bending strength, showed superior character, when
the resistance of material under repeated thermal shock conditions was evaluated by the amount of
crack growth per each cycle Silicon carbide had the smallest resistance under the repeated thermal
shock condition.

Key words : Thermal shock resistance, Tetragonal zirconia polycrystalline, Silicon nitride,

Silicon carbide, Vickers indentation

J. Sci. Hiroshima Univ., Ser. A

Lifetime Broadening Picture in Oxide lligh-Temperature Superconductors
Vol. 53, No. 3 pp. 25-48,

December 1989 Jun TAKADA

Central Research Laboratories, Kanegafuchi Chemical Industry Co., Ltd.
Kobe 652

Anomalous behavior of the London penetration depth 1, of Cu based oxide
superconductors is studied and the effect of finite states in the energy gap
on A . is discussed. ExperimenlLs of electron tunneling in single-crystal thin
film of YBa,Cu,0,-. has been carried out and details of the quasiparticle
density of state which can be understood in the framework of the Bardeen-Cooper-
Schrieffer theory are presented. As the temperatire approaches the transition
point, the energy gap edge is lifetime broadened. The recombination lifetime of
quasiparticles at 60K is estimated to be 10°'® s. A gap parameter A | (4.6K) of
9.0 ¢ 1.8 meV in the perpendicular direction to the Cu-O planes and a coupling
constant of 2.4 { 0.5¢2A 1 (0)/kTc< 3.5 t 0.7 were obtained.

Gypsum & Lime Lattice-lon Reaction Characteristics of Hydroxyapatite for Fe?*, Fe’* and Pb2* lons
No. 224 (1990) 15-20 in Acidic Aqueous Solutions

Takashi SUZUKI and Toshiaki HATSUSHIK A
(Department of Chemistry and Biology, Faculty of Engineering, Yamanashi University;
Takeda, Kofu-shi 400)

Lattice ion reaction characteristics between Ca®* jons of synthetic hydroxyapatite (HAp)
samples and Fe?*, Fe®* jons in acidic aqueous solutions (pH: 2.0~ 5.0) have been investigated in
detail by a normal batch method at 25°C. It was found that Fe?* ions are slightly exchanged with
Ca** ions of the HAp samples over pH of 4.0 but under pH of 4.0, dissolved reactions of HAp
with H* ions become dominant instead of the exchange reaction. Removal behavior of Fe'*
ions, however, was found to be quite different from that of Fe®* ions, i.e., Fe* ions are easily
removed, assisted by the loosening effect of H ions on the skeletal structure of the HAp samples,
and the HAp samples are transformed into stable amorphous products (FePO4*mH,0) even in
acidic solutions with low pH of 3.0 or below. Moreover, coexisting systems of Fe* and Pb**
ions, with which HAp samples have been found to be casily converted into crystalline stable lead
apatite in acidic solution, have been investigated under the conditions of low pH values (pH:
2.3~ 5.2). An interesting effect was found that the two ions suppress each other the reactions
of the ions with HAp samples. These results are important in discussion concerned with reaction
characteristics between human bones and teeth, whose main constituent is HAp, and invaded
Fe?*, Fe* and Pb** ions into human bodies.

Key words: Hydroxyapatite, Lattice-ion reaction, Fe*, Fe®*, Pb?* ions, Acidic solution
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Japanese Journal of Applied Physics
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Vol. 28, No. 12, December, 1989
Pp. 2479-2484

A Study on Strength Distribution and Size Effect of
Ceramics by Computer-simulated Experiments
Yoshifumi TaniGucht®, Junichi Kirazumi* and Toshiro YaMADA®*

In order to investigate the change of strength of ceramics due to the size effect, the strength distri-
bution was simulated by the Monte-Carlo method. The tensile strength, 3- and 4-point bending
strength of four kinds of specimens of different sizes were calculated, by using the model of specim‘ens
with a number of penny-shaped inner cracks of which diameters followed the prescribed distribution
The strength obtained was plotted on the Weibull probability papers and represented by the 2
-parameter Weibull distribution. As some experimental data had indicated, the Weibull modulus had a
tendency to increase as the effective size decreased. It became clear that this tendency was caused by
the existence of the upper limit of crack strength. The strength distribution function for this model
was also expressed and compared with the simulation results. Although the Weibull plot of that func-
tion was slightly concave, it showed good agreement with the simulation results

Furthermore, the relation between the mean strength and the effective volume was discussed, us-
ing the Weibull statistics. As a result, it was indicated that the Weibull statistics could not explain the
change of strength due to the size effect satisfactorily. )

Key words : Ceramics, Monte-Carlo simulation, Weibull modulus, Strength, Inner crack, Size

effect

Electronic States in High-T, Copper-Oxide Superconductors

Hisao JicHu, Tamifusa MATSUURA' and Yoshihiro Kuropa'

Aichi College of Technology, Gamagori, Aichi 443
'Department of Physics, Nagoya University,
Chikusa-ku, Nagoya 464-01

The electronic siates in the CuO,-layer have been studied by using the p-d model
with the help of the bosonic technique for treating the local electronic correlation
properly. What have been found are: at sufficiently low temperature the electronic
states form coherent bands but there is a significant difference between the effects of
electron doping and those of hole doping. In particular, the hole doping brings about

a new band around the Fermi level inside the energy gap and intensity of the band in-
creases as the number of holes increases. These band schemes may well explain the ex-
periments.

The Contact Resistance of the YBa,Cu3;0;_;-Metal Film System

Yoshihiko Suzuki, Tadaoki KusAka, Akira Aoki,
Takahiro AovyamA', Tsutom YoTsuya and Soichi OGAwWA

Osaka Prefectural Industrial Technology Research Institute, 2-1-53 Enokojima, Nishiku, Osaka 550
'Daihen Co. Tagawa, Yodogawaku, Osaka 532

The electrical properties and X-ray photoelectron spectroscopy (XPS) of Y,Ba,Cu,0,_, (YBCO) contacts formed by
Ag../\u, Sn, ?,ll, Inand Al metal films have been studied. The Cu, In, Zn and Sn film contacts show high resistivities with
tive temperature d, . The Au, Ag, and Pt film contacts have low resistivities with metallic tempera-
ture dependence. The XPS analyses show that Sn and Al react with the oxygen on the YBCO surface. However, little
change in copper and oxygen states can be observed in Ag/YBCO and Au/YBCO systems. It is assumed that the oxy-
gen-deficicnt layer at the interfaces of Sn/YBCO and Al/YBCO systems makes the contact resistance high, while the
semiconductive layer is insignificant at the Ag/ YBCO and Au/YBCO interfaces, and their resistance is low. Analyses in-
dicate that Ag/YBCO and Au/YBCO systems provide very effective ohmic contacts.

KEYWORDS: high-T, superconductors, ohmic contact, XPS analysis

Superconductive Wire Bonding with High Reliability at 4.2 K
Toshinori OcasHiwA, AKihisa INOUE' and Tsuyoshi MasumoTo!

Tanaka Denshi Kogyo, Ltd., 8-5-1 Shimorenjaku, Mitaka, Tokyo 181
'Institute for Materials Research, Tohoku University, Sendai 980

A superconductive bonding technique for superconducting electronic devices such as the DC-SQUID was developed
by using a rapidly solidified PbyglnyAuy (at%) wire. The wire was bonded on the Nb pad coated with 30 nm-thick Au
film to form the superconducting connection operating at 4.2 K. Mechanical stability of the wire bond parts remains un-
changed by 15 thermal cycles in the temperature range 4.2 to 273 K. No appreciable degradation of the superconducting

connection is observed even after the thermal cycling. These results lead us to expect that the present bonding technique
will be useful in practical applications.

KEYWORDS: superconductive wire bonding, SQUID, Nb/Au pad, PbyginyoAu,, rapidly solidified wire, wedge-
wedge bonding, proximity effect, thermal cycling
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Japanese Journal of Applied Physics
Vol. 28, No. 11, November, 1989
pp. 2211-2218

Crystallization Induced by Laser Irradiation
in Ba-Y-Cu-0O Superconducting Films
Prepared by Laser Ablation

Shigeru Otsuso*, Toshiharu MINAMIKAWA', Yasuto YONEZAWA',
Toshihiro MAEDA, Akiharu MoriMOTO and Tatsuo SHIMIZU

Department of Electronics, Faculty of Technology Kanazawa University,
Kanazawa, Ishikawa 920
Industrial Research Institute of Ishikawa, Kanazawa, Ishikawa 920-02

Ba,YCu,0, superconducting films were prepared by laser ablation with some newly developed laser processing techni-
ques. First, we revealed that a rapid postannealing by laser irradiation converts an amorphous film to a crystallized
superconducting one. Second, we tried the in sifu preparation without a high-temperature postannealing. To reduce the
substrate temperatures 7, for the film preparation, we examined the effect of the laser irradiation on the growing film sur-
face. We found that in situ excimer laser irradiation of the growing film surface improves the superconducting properties
and the surface morphology of the films prepared at a relatively low T,. This improvement is brought about mainly by
the enhancement of the film crystallization, rather than by providing additional oxygen atoms to the film.

KEYWORDS: Ba-Y-Cu-O super ducting films, cry ization, excimer laser ablation, excimer laser irradia-
tion, laser processing, crystalline silicon substrate, no buffer layer

Japanese Journal of Applied Physics Normal-State Resistivity of the (Bi/Pb)-Ca-Sr-Cu-Oxide System
Vol. 28, No. 11, November, 1989

Sang-Geun LEE*, Kyung-Soo Y1, Chong-Yun PARK*
pp. L1902-L1905

and Min-Su JANG

Department of Physics, Pusan National University, Pusan 609-735, Korea

We measured the electrical resistivity p(T") of the Bi,_,Pb,Ca,Sr;Cu,0, (x=0.2, 0.4, 0.6) system with T, =108 K in air
and in the temperature range of 20 K < T<800 K. The p(T') shows linear temperature dependence in the range 7,< T< T,
and upturn for 7> T, where T is in the range 610-680 K, depending upon the sample composition. The resistivity satura-
tion was not observed over the temperature range we measured. IFrom the linear behaviour of p(T), we estimated the
order to magnitude of the clectron-phonon coupling constant A and the electron mean free path / of high-T, supercon-
ducting Bi-compounds in the high-temperature region.

KEYWORDS: Bi-system oxide superconductors, high-T, phase, normal-state resistivity, electron-phonon coupl-
ing, electron mean free path
Japanese Journal of Applied Physics Temperature Dependence of Flux Creep in High-T Superconductors

Vol. 28, No. 11, November, 1989
pp. L1906-L1908

Takanori Fusiyosti, Kiyoshi Toko, Teruo MATSUSHITA
and Kaoru YAMAFUIJI

Department of Electronics, Faculty of Engineering, Kyushu University,
6-10-1 Hakozaki, Higashi-ku, Fukuoka 812

The normalized decay rate R of magnetization due to thermally activated flux creep is typically given by R=kaT/ U,,
where ky is the Boltzmann constant, T is the absolute temperature and U, is the efective pinning potential. Some ob-
served data for high-T, superconductors show that R increases with increasing T, while in other studies, R takes a peak at
a certain temperature T,, below the critical temperature T, where T,, decreases with increasing external magnetic field.
These temperature dependences of R are explained systematically on the basis of a recent theory of flux creep developed
by the authors.

KEYWORDS: high- T, superconductor, flux creep, temperature dependence, effective pinning potential, correla-
tion length, flux bundle, critical current density

Japanese Journal of Applied Physics Complex Susceptibility of YBa,(Cu;—Fe,);0,
Vol. 28, No. 11, November, 1989
pp. L1909-L1911

Hiromasa MazAk1, Shigeru KATsuyama', Hiroshi YASUOKA,
Yutaka Uepa™* and Koji Kosuce®

Department of Mathematics and Physics, The National Defense Acadeny, Yokosuka 239
'Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606

The superconducting transitions of YBa,(Cu,_,Fe,),0, (0sxs0.20) compounds were measured in terms of complex
susceptibility, x=x ' —ix . Two groups of samples were prepared. Group | was prepared by slow cooling from 850°C in
flowing O, gas. Group 11 was prepared by heating in flowing N, gas at 800°C for 20 h, followed by slow cooling to room
temperature in the same atmosphere and then by annealing in flowing O, gas below 400°C for more than 20 h. Com-
parisons of the results suggest that the clustering of substituted Fe ions takes place in the Cul-O planes of the samples in
group 11, and that the flux motion is restrained.

KEYWORDS: oxide superconductor, complex susceptibility, superconducting transition, YBa,(Cu,_,Fe,);0,

*Present address: The Institute for Solid State Physics, Tokyo Univer-
sity, Tokyo 106.
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DAILY RECORD

*  The Government Industrial Research

Institute, Osaka, has developed novel
ceramics of high strength and high heat
resistance with a lubricating effect. They
arc composite ceramics of particulate
dispersion type, in which numcrous fine
graphite particles are dispersed in carbide
ceramics, and the lubricating effect is
provided by these graphite particles.

*  The National Research Institute for
Metals has developed a new forming
method for BN thin films, which are films
of low gas-adsorbing type, in conditions of
ultra-high vacuum. Using a high-frequen-
cy magnetron sputtering electrode, BN
films are formed on a substrate of stain-
less steel at the low temperature of 300°C,
which is about half the tcmperature con-
ventionally required, and so these films
can be formed on a substrate of ordinary
stainless steel.

*  Sumitomo Electric Industry Co., in
cooperation with Tokyo Electric Power
Co., has succeeded in the production of a
Y-system superconductive thin film of
high-temperature type which  exhibits
J.=8,000,000A /cm? at 77K, and has a T, of
91.5K. The production process was a laser
vapor deposition method, and the substrate
used was MgO.

*  The Noritake Company Limited has
developed and commercialized a precision
filtration apparatus for the fine particles
which are generated during the grinding of
ceramics.

*  The Government Industrial Research
Institute, Nagoya has developed a semicon-
ductor of Nb-added TiO, film, with low
clectrical resistance, by applying a sol-gel
method. TiO, was used as the substrate,
and it was first deposited with SiO, films.
This semiconductor film is expected to be
used as an oxygen sensor, a humidity
sensor, and so on.

*  Murata Manufacturing Co. has de-
veloped a supersonic type of bubble sensor
in which a piezoelectric ceramic of PZT
was used. It will be marketed as a sensor
for air bubble examination in medical
instillation solution or for air bubble
detection in brake oil.

*

Noritake Company Limited has de-
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veloped and  commercialized a drying
system for paint on wooden furniture
which uses a heater with far-infrared-
radiation ceramics coated onto the surface
of steel pipes, heated with steam.

*  The National Institute for Research
in Inorganic Materials has developed a
mass production process of rBN which is
expected to be the raw material for the
production of ¢cBN. The starting materials
used in this process are Na(BH,) and
NH,ClL. They are added to KCN during
heating, and after cooling they arc heated
again to complete the process.

*  The Electric Power Resources De-
velopment Corp., in cooperation with Asahi
Glass Co. and the Gadelius Co., has de-
veloped a ceramic filter of the inside-
tube-surface type made of low-expansion
cordierite. This filter can be used for the
filtration of high-temperature gas up to
1,000°C, with a dust separation efficiency
of 99.99%, and it can be back-washcd with
a high efficiency.

*  The Electric Chemical Industry Co.
has succeeded in the development of a
sintered SisN, body with exceptionally
high toughness by sintering SisN, particles
mixed with ultra-fine particles of TiN or
of mixed Si;Ny and TiN in the matrix.
The fracture toughness is 8.7MPa, which is
about twice as high as that of a sintered
body of simple Si;N,.

* The Mechanical Engineering
Laboratory has confirmed that PZT dis-
persed with AL O, exhibits extremely high
abrasion resistance in water.

*  The National Institute for Research
in Inorganic Materials, in cooperation with
Kamishima Chemical Industry Co., has
succeeded in the production of transparent
YAG ceramics. The process used was a
modified wet precipitation method, which
features the addition of sulfuric acid ions
as reagent into an aqueous solution of HY
and Al chlorides.

*  Hitachi Tool Manufacturing Co. has
developed and commercialized an end mill
head capable of cutting high-hardness
materials. It has a hexagonal cross sec-
tion and has a TiN coating on its surface.

*  Asahi Glass Co. had developed a
novel technique for improving the tough-
ness of composite ceramics from 1.5 to 1.8
times by using unidirectional fusion and
solidification to sintered composite
ceramics in an infrared suspension fusion
furnace shaped in the form of two ellipses.

*  The National Chemical Laboratory has
developed a new ceramic material of the
LaCrOj5 system which can be sintered by a
wet process after replacing part of its
composition with Ca. This development
result will make it possible to produce a
more economic separator for a fuel cell,
thus bringing closer the commercialization
of fuel cells.

*  Hiroaki Katsuki, Special Researcher
of Saga Prefectural Experiment Station,
has developed a surface modification
technique for ceramics such that needle-
type mullite crystals can be densely grown
on the surface of ALO; at a desired
position and with desired thickness. The
process utilized the coincidence between
the sintering temperature of Al,O4
ceramics and the growing temperature of
needle-type mullite.

*

Nobuhiro Sata, Senior Researcher, and
his colleagues of the Geothermal Develop-
ment Section of the Machine and Metals
Department of the Government Industrial
Research Institute, Tohoku, has developed
a gradient-functional material of the TiB,-
Cu system by using a self-exothermic-
reaction method. This material can endure
a maximum temperature of about 1,500°C,
and a temperature difference of about
800°C between its two surfaces.

* The Research Laboratory of the
Fujitsu Co. has succeeded in the ex-
perimental manufacture of a highly effi-
cient HBT using SiC by inhibiting the
generation of crystal defects on hetero
boundaries by the addition of fluorine.

*  Fujikoshi Co. has developed and
commercialized an apparatus for coating
cutting tools with TiN films, which, in
addition to increased resistance to abrasion
and sticking, have 1.5 to 2 times higher
adhesion strength than TiN film coated by
the conventional method.
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Zaborsky of National Research Council, National Academy of Sciences, U.S.A.
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parts of the world.
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