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Microgravity Experiment on SHS Reaction
of Ti — Ni Intermetallic Compound by
Using a Drop Shaft’

Y. Suzuki, K. Shimokawa, and Y. Ueda

Hokkaido National industrial Research Institute,

Sapporo, Hokkaido, Japan

Microgravity experiments using a drop shaft require a neat experimental design because of short
available time. SHS reaction is among the most suitable processes for such experiments.

An experiment was carried out on rapid fusion and solidification of intermetallic compound;Ti-
Ni(60- 40 at%)phase,by SHS process (1) , which realizes high temperature in a very short time
under y-g.

This report describes briefly the system configuration for a 1 -g experiment using a drop shaft. It
has shown that the SHS process is very effective for rapid heating and cooling in a short duration
during /.-g experiment, that the drop shaft

facility provides an effective rapid cooling system in high- g experiment and that the effects of the 1
-g on the sample shape and microstructure of the Ti- Ni intermetallic compound were recognized

(2]

Key words : Ti- Ni intermetallic compound, drop shaft, rapid heating and cooling, 1—g experiment,

SHS reaction

*
This paper was reproduced from International Journal of Self - Propagating High- Temperature
Synthesis, Vol. 3, No.2 (1994) pp. 155-165, by the permission of Allerton Press.
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1. INTRODUCTION

For melting and solidifying metal compounds using a drop shaft JAMIC Co.), the duration of
the process must be within 10 sec for the retention of an effective uy-g condition after dropping
the capsule.

In this paper, SHS reaction of Ti-Ni intermetallic compound, which enables a temperature high
enough to melt the compound in a very short time during dropping of the capsule and its
solidification before stopping the capsule, was investigated to obtain information for an apparatus
design in f-g experiments by using the drop shaft. Shape and microstructure of the Ti-Ni
specimens obtained at l-g and u-g experiment were also compared, and the advantage of r-g

for production of a uniform structure and composition of alloys were reported.

2. EXPERIMENTAL PROCEDURE

2. 1. Specimen

The powders used in the experiment were commercial titanium (purity :99%, size :150um >),
and nickel (purity :99%, size :2.2um). The compacts were prepared by mixing Ti and Ni powders
at an atomic ratio of §:4, and shaped to 12.7mm ¢ X 4mmh in size and 2.5g in weight by die

compaction at a pressure of 300 MPa.

2. 2. Apparatus

Figure 1 shows the experimental setup, composed of reactor, heating and cooling unit with ignitor,
control unit and monitoring unit. The heater is set outside the silica tube reactor for preheating
before ignition (heating rate :~60°C.~min), and has a strong structure to withstand the high gravity

(9-g)and shocks in z — axis direction.

2. 2. 1. Reactor. A spiral Mo heater for igniting the reaction is fixed in a silica crucible (14 mm
diam. and 30 mm length), and a specimen is set inside the Mo heater with a mica sheet as an
insulator. Lead wires from the bottom of the crucible and thermocouple which is in contact with
the specimen in the crucible are twisted into a spiral bundle. The bundle was inserted through
a plug for closing the bottom of the silica reactor of 20 mm in diam. and 300 mm in length. The
crucible was supported by the spiral bundle in the center of the silica tube as shown in Fig.l.
The reaction was observed from the top —side through a silica glass window. The reaction tube

was sealed under a vacuum of 1.5x10— 5torr.

2. 2. 2. Coolingset. A small coolant tank is connected to the silica tube reactor by a narrow
tube having a vacuum valve for pouring the coolant from the underside by the sinking action
of iron weight of 1.4 kg to open the closing value. An iron weight (§7g) is placed on a silica

crucible containing a specimen to effect the cooling. Both weights can slide the specimen in the



silica crucible and open the valve for pouring the coolant, respectively, when the capsule reaches
the largest gravity(8-g)to stop falling. The apparatus is set up in a vertical 1/2 rack within

a carrying capsule.
2. 3. Synthesis conditions

The specimen is heated 18 min before the capsule drop by the outside heater at a heating rate

of 52°C/min. When the temperature of outside heater reaches 930°C, the programmed temperature
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(b) Reaclor.

{c) Coolant.

(d) TV-camera of lower side.

(e) TY-camera of upper side.
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(g) Light.

(h) Weight for pouring ccolant.

(i) Weight for sliding specimen holder.
(j} Heater for oulside of reactor.
(k) Heater for ignition of reaction.
(1) Specimen.

Fig. 1. Experimental setup for SHS reaction for the u-g experiment using
drop shaft.

near the specimen inside the reactor is 800°C, the capsule drop is started, and at same time, the
specimen ignites due to an exothermic reaction causing fusion during falling.

- The fused reactant is solidified before stopping the capsule by naural cooling, which begins
during falling, by switching off both heaters with a timer control. A rapid cooling experiment
was also mede by pouring the coolant around the specimen in the silica reactor before stopping

the capsule.



2. 4. Data recording

2. 4. 1. On— site observation. The reaction process is auto—recorded with a commercial TV camera
fixed vertically over the observation window of the silica tube reactor. These observation are
monitored in the control center.

2. 4. 2. Temperature recording. The temperature of both outside and inside heater are monitored
directly on the control center panel by means of cable or laser information — transmitting unit

installed in the capsule and recorded by a ground data recorder.
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Fig. 2. Changes in temperatures and acceleration in the vertical direction
in the p-g experiment.

2. 5. Observation and analysis of reactants

The retrieved reactants after the drop experiment were cut and polished. These were studied
concerning the effect of rapid heating and cooling during microgravity on the synthesis of Ti—

Ni inter —metallic compound by .the inspection of the speciment shape and microstructure by SEM,

XRD and XMA.



3. RESULTS AND DISCUSSION
3. 1. Rapid heating and cooling in the 1 —g experiment
It was shown in a previous repotr (2] that various gases released from the Ti — Ni powder

compact which melted during exothermic reaction. The SHS reaction continued for 10 sec during

capsule falling

Microgravity Experiment on SHS Reaction of Ti-Ni Intermerallic Compound
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Fig. 3. Macroview of the SHS reaction in the ¢-g experiment as observed
with a TV-camera installed in the drop-capsule.
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Fig. 5. Macroviews and the cross sections of specimens cooled under
various conditions.
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Table 1. Summary of the microstructural observation and composition
analysis of the SHS reaction products under pg-g and 1-g.

Precipitation Atom. %
Specimen Matrix (brightness) Phase
Form Size Brightness Ni Ti
Plate Large (> I p) | Gray 37-39 | 6163 (~NiTi)
Rapidlycooled | Equi-axed |Fine (< 1 p) |Dark 32 68
under 1-g Square Small (2 1 i) | Dark 12-20 | 80-88
White 40-61 | 39-60 (~NiTi)
Rapidly-cooled . . Gray and 3440 | 60-66 ( ~NiTiy)
under pg | Dauiaxed |Fine (< 1p) 50 White 5259 | 4148 | (NiTD)
1 Grey 32-34 | 66-68 (NiTi,)
Slowly-caoled White 52-54 | 4648 | (~NiTi)
under p-g (2 phase separation)

in even a closed vacuum reactor which could not pump out the released gases at the above
—mentioned heating rate. Figure 2 shows the temperature changes in the outside heater and
near the specimen, and the acceleration in the z— axis direction. Figure 2(a) shown for the initial
dropping, in which the coolant was poured without sliding specimen during capsule stopping ; the
second drop is shown in Fig.2(b), for pouring a coolant with sliding specimen during capsule
stopping. The exothermic reactions in the both cases happened on ignition during capsule falling :
the first was cooled within a few seconds before stopping, while the other just before stopping
the capsule falling. Pouring a coolant around the specimen had an effect on the cooling rate.
Sliding down of the specimen in the reactor by high — g was efficient for faster cooling,.

A macroview of the SHS reaction as monitred with a TV camera during the f—g experiment
is shown in Fig.3. Two pieces from the same specimen were set in the center of silica crucible.
Around the specimen, the color changed gradually to red due to outside — heating. The ignition
on capsule falling caused it to become white, and the exothermic reaction continued for a few

seconds. During cooling,the color of reactant darkened very quickly.

3. 2. Macroview of the solidified specimen in 1-g or 1 —g

The length of sliding distance of the crucible with an iron weight was measured from shrinkage
length of the spiral bundle, as shown in Fig.4. Figure 4(a) shows that the crucible could not
slide in the silica tube because there was no weight on the crucible. However, Fig.d(b) shows
the crucible sliding at a distance of 57 mm. Both of the silica reactors are dark in color due
to contamination by the coolant pouring.

From these results, it is clear that the weights on the crucible and coolant tank exerted the

force necessary for slidingwith high — gravity.
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Fig. 6. SEM images of the cross sections Fig. 7. SEM images of the cross sections
of the rapidly cooled specimen in the 1-g of the rapidly cooled specimen in the u-g
experiment. experiment.

Figure 5 shows macroviews of the speciments and their cross sections, which were melted and
solidified in the u—g or 1—g experiment, respectively. In the case of the l1—g experiment, a
part of the reactant penetrated into the gap between the wall of mica used for insulation and
the bottom of the crucible, and the lower portion of Mo heater was buried in the solidified preduct
as shown in Fig.5¢a) and (b). On the other hand, Fig.5(c) and (d) show cross sections of uniform
thichness at the bottom portion of speciments because they are solidified in the ¢ —g experiment.
The vertical cross sections of the speciments show large caves, which were probably formed by
the released gas during the reaction, and the outside of the specimen forms a thin wall containing
a few pores. Figure 5(d) shows the porous specimen cooled at the largest cooling rate of present
experiment by sliding the crucible ad pouring the coolant. Many pores are produced by the reaction
and melting by the gas evolution. The pores coagulated and grew gradually into a large cave
before solidification in the specimen center region, while in the outside region of the specimen,
the pores do not have sufficient time for the coagulation — fixed pores appeared which were fine
because of being cooled at a very high rate, and remains nearly the same size.

From these results, it is concluded that turning off the heater’s current during capsule falling,

and also sliding the specimen facilitate rapid cooling by pouring coolant.
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Fig. 8. SEM images of the cross sections of the specimen melted under p-g
and solidified without sliding action of the specimen holder during pouring

of the coolant.

3. 3. Microstructural and phase analysis

Figure 6 shows SEM images of the specimen cooled rapidly after exothermic reaction in the
1—g experiment(Fig. 5(b)). The size of the precipitations differ between those at the upper and
lower regions of the specimen. Figure 7 shows the microstructures of the upper and lower regions
of the specimen rapidly cooled under g —g(Fig. 5(d)). Fine particles are dispersed rather uniformly,
but the particle size is larger in the lower region than in the upper.

Figure 8 shows microstructures of the specimen slowly cooled under z—g(Fig. 5(c)). These
structures consist of two phases, and the structure of the lower region is also slightly coarser
than that of the upper region. The observations mentioned above suggests the cooling rates of
the upper and lower slide differ. We should note here that the 1—g experiment gives a coarser
microstructure than under ¢ —g conditions.

Figure 9 shows the X —ray diffraction patterns of the speciments synthesized under various
conditions. Figure 9(a) is the diffraction pattern of the specimen rapidly under g —g. Major

peaks in the profile were identified to be NiTi phase, while those of NiTi, phase. Crystallinity
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Fig. 9. X-Ray diffraction patterns of the SHS synthesized materials under
p-g and 1-g.

is not distinct for each of these phases with broad peaks. Figure 8(b) shows the diffraction pattern
of the specimen cooled slowly under p—g. The peaks of NiTi phase disappeared, and the those
of the NiTi.

cooled slowly under 1-—g.

phase are prominent. Figure 9(c) shows the diffraction pattern of the specimen
In this case, alomost the same peaks as those of (b) are formed,

but with better crystallinity. We should mention that the rapidly cooled specimens under 1-—g
showed no distinct peaks.

Table 1 shows the results of XMA spot analysis for the speciments shown in Figs.6-8. The
table shows that the white matrix in the photographs is NiTi phase with slight excess Ni content,

and fine particles are NiTi; with an excess of Ti content. In the case of the separation phase,
the white areas are nearly NiTi phase with an excess of Ni, and gray areas are the NiTi; phase
with an excess of Ti

The solidified structure of the specimen cooled rapidly in 1—g had a large cave, and fine particles
mainly composed of NiTi; phase were collected in the upper region of the specimen, while the
larger particles of different phase came out in the lower region. However, in the p—g experiment,
the rapidly cooled specimen showed a matrix of NiTi phase with partial — crystallinity and good
dispersion of fine particles near NiTi; composition, but without any definite crystallinity. Slow
rate of cooling will yield coarse two— phases structure with crystalline NiTi, and amorphous NiTi
phase. It is thought that change of concentration by the difference in the specific gravity in

melting reactant during such microstructural
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developments and phase formation was caused by the gravity effect, and by the difference in
the cooling rate of the upper and lower regions of the specimen due to a mass flow of the melt
towards the bottom of the crucible.

These experiments showed a possibility for producing intermetallic compounds having a uniform

microstructure and concentration distribution by SHS under short term u-—g.

Iv. SUMMARY

A short — duration ¢ —g experiment on the SHS of Ti— Ni system was carried out by using
a drop shaft for the production of new materials.

The results are summaraized as follows.

1> The SHS reaction of Ti—Ni compact occured only at the start of capsule fallingby the ignition
by a rate controlled pre — heating.

2) The melted reactant was rapidly solidified under ¢ —g by sliding out the crucible from the
heated zone and pouring the coolant.

3) The introduction of high gravity just before stopping was effective for the actuation of
the crucible sliding down and pouring the coolant into the reactor.

4) The p—g environment showed a remarkable effect on the formation of microstructual and
compositional homogeneities. There existed substantially no difference in the microstructure
between the upper and lower regions in the specimen solidified under ¢ —g, while an appreciable
difference was observed in the 1—g experiment.

The spe&imen rapidly cooled under g —g showed a porous macrostructure with a uniform
dispersion of fine amorphous particles having a concentration of NiTi, phase in the insufficiently

crystallized matrix having a composition near NiTi phase.
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CHARACTERISTICS OF CENTRIFUGAL FLUIDIZED BEDS
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* Hokkaido National Industrial Research Institute
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ABSTRACT

Experiments were performed with a 94mm diameter, 5mm high centrifugal bed operating with
atmospheric,room temperature air with 98 xm and or 1200 zm glass beads materials under
microgravity conditions. Visual observations showed that the bed became fluidized as similar manner
of the familiar gravitational bed, and the bubble was found to generate in the bed. The data
showed the initial bubble diameter slightly increased with air flow rate above minimum fluidization.
However, no significant change of it was observed in the
range of the centrifugal acceleration of 0. 1go to 0.5g0o. The segregation behavior of large glass
beads of 1200 um was also examined by the following the way which segregation occurred in
centrifugal fluidized beds of 98 um small ones. The data showed the degree of segregation increased
rapidly with centrifugal acceleration up to 0.1go and with air flow rate above initial fluidization

of small particles.
KEY WORDS
Centrifugal Fluidized Bed, Fluidization, Bubble, Particle Segregation, Microgravity

INTRODUCTION

A centrifugal fluidized bed (CFB) is cylindrical in shape and rotates about its axis of symmetry.
The bed material is fluidized against the centrifugal forces by gas supplied radially inward through
the cylindrical distributor. Instead of the gravitational force in a vertical conventional bed, the
body force in a centrifugal bed becomes an adjustable parameter that is determined by the rotation
speed and the container radius. For this reason, the CFB, having suitable operating flexibility,
has been proposed as a high capacity gas — solid contactor for application in areas such as the
processing of particulate foods (Lazar and Farkas, 1980 : Cannon, 1975) and combustion of gas
(Metcalfe and Howard, 1978). oil and coal (Metcalfe and Howard, 1978 : Demicran et al, 1978). It
may also be considered for use in a fluidized bed processing of solid materials in microgravity
field as in space. Little works on it, however, have been done due to a practical limitation of

use of facility for microgravity experiment.

% -
This paper was reproduced from Fluidization '84 Science and Technology (1994) pp. 67-76, by the
permission of The Society of Chemical Engineers, Japan.



The present work is concerned with the basis of fluidization of solid particles and segregation
of a binary mixture of particles in the CFB system under microgravity conditions which are achieved
by the drop shaft and the parabolic flight methods. Experimental results are presented which
reveal the effect of rotational speed and air flow rate on bubble diameter and the segregation

tendency of bigger particles going to the bottom of the bed.
EXPERIMENTAL

Figure 1 shows a schematic drawing of the

experimental apparatus. The test unit of  the 3-Way

Fluidized Bed

1

rotating bed consists of a 94mn diameter by 5mm Driving
. Pull
high transparent PMMA column and is mounted . eg:'

. . o . Pressure
with a horizontal axis. The distributor consists Transducer

Video

of a cylindrical perforated plate with 1lmm diameter
Camera

and 19 holes to give 1% open area. It is also /
covered with 20 um opening mesh to prevent
leakage of the particles. The fluidizing air being Motor
metered by a mass flow meter was introduced into

the rotating bed at a maximum superficial air

CZI Alr

velocity of 8 lcm.“s. The rotating speed was

adjusted by a variable speed electric motor up to . . . .
: y . Fig.1 Schematic drawing of the experimental

97rpm. The bed behavior was photographed by

set-up.
a video camera and recorded on video film. The
following variables were analyzed using an image 0.02
processor : the bubble diameter was determined by
inspection of the individual frames of the video . oot
films, which was defined as a projected area ‘Ig' 0 e e e B
diameter, the fluidizing bed height was taken as &
the time average over a period of 5 toc 8 seconds : -0
the degree of segregation was estimated from the
area of segregated coarse particles going to the w00 -2 0 2 4 6 8 10 12

time, { [sec]

bottom of the bed.

The particles used in the work are of 98 um glass Fig.2 Representative chart of the gravitational
beads (GB98) and of 1200 4m ones (GBI1200). For acceleration.
the minimum fluidization velocity of the centrifugal
bed systems, U, it should be determined through the microravity experiments but so difficult
to measure, sc¢ that the Uy values at a given set of experimental conditions were estimated by
the equations derived at earlier paper (Chiba et al,1992). The small particles were mainly employed
for the measurement of bubble properties and the coarse for the segregation experiment.

In microgravity experiments the gravitational acceleration was in a range of (. 65x10%to 1. 66x
10%go for the drop shaft experiment of about 10 seconds microgravity time and of 1.25%10%to 1.
9% 10%go for the parabolic flight of about 20 seconds respectively. Figure 2 demonstrates a chart

of normalized gravitational acceleration, g/ go, against time, 1z for the drop shaft experiment.



RESULTS AND DISCUSSION

Fluidization Characteristics

Figure 8 shows the bed behavior under
microgravity conditions which were performed
by both the drop shaft and the paraboic flight
exeriments. At normal gravity (lgo), the bed
motion is quite similar to that in a drum mixer
and is apparently governed by the gravitational
force to be two times(Fig. 3(a-1))and ten times
(Fig. 3(b-1)) centrifugal forces respectively. At
just beginning of decrease in gravity, the bed
starts to move toward the circumference of -the
ratating column, and then as a consequence of
the circular motion the particles are distributed
Finally, the bed

becomes to fluidize by the radial air velocity

over the whole column.

resulting in the inward drag force against the
centrifugal forces as seen in Figs.3(a-2) and (b
-2}, From these observations it is clear that
the fully fluidized state appears to be attained
at higher air velocity than the minimum
fluidization, and that the bubbles are generated
almost uniformly as the same manner as the
gravitational fluidized beds. A shape of the
bubbles is

observed in a two — dimensional thin bed.

slightly elongate as commonly

Moreover, the bubble growth, causing the
coalescence of between bubbles which align
vertically with height and laterally across the
bed, is not seen at all under the present
experimental conditions.

Figure 4 shows the change of bed height with
gas velocity for the same system of 98 #m glass
beads as a funcfion of centrifugal effect, Z. The
bed expansion data indicate to increase with gas
velocity but seem to be independent of
centrifugal effect within the present experimental
conditions.

for Z=0.3.

(a-2) at 6.5x10%g,

(a-1) at 1go

(b-1) at 1go (5-2) at 125x 102g,

Fig.3 Fluidization of the rotating bed of 98 £ m
glass beads. (a): drop shaft system, U =3.13
[cm/s], Z = 0.5 [-]; (b): parabolic flight system,
U=3.08[cm/s], Z=0.1 [-].

1.5 T ]
D centnfugal effect, £ 0.1 0.3 0.47 0.5
g 1.4 drop shalt EE N

parabolic flight c o - -
I L]
S— 1.3
g 1.2 o
=%
] o
E 1.1 o0
| |
1.
0 2 4 &6

gas velocity, t - Umf [cm/s)

Fig.4 Bed expansion of the rotating bed of
98um glass beads.

It is also found that there is not the effect of both microgravity methods employed

Since the bed expansion would be mainly caused by bubbles generated in the bed,

the expantion ratio closely corresponds to the bubble properties, such as the bubble diameter and

frequency.

Hence, the results in Fig.4 may be explained in terms of the bubble diameter.



All data for the initial bubble diameter, D;’, were analyzed by using an image processor. The
D, values obtained, 2. 7tof. Tmm, were rather small compared with the bed thickness, 4 = 5mm.

In view of the bubble motions in the thin bed, the

bubbles observed at the surface of the wall are 4 Wall
somewhat subjected to the influence of downward -:
flow of the particles along the v;fall, so that the Dlo' Oba
interfaces between the bubbles and the wall are i
apparently reduced, and as the results the
substantial bubble sizes are understimated. : §
Accordingly, it needs to define an effective bubble ~—— dt —
Side View Front View

diameter by making suitable assumptions.

If the substantial bubble, showing by a broken . . )
Fig.5 Definition of the effective bubble

line in Fig.b, is a modification of the spherical . .
& P diameter in a 2-d bed.

bubble having a diameter, D., deformed by the
parallel walls having a distance, d, its volume may

be expressed as

Vi =24 3(&> ¥ 3(-94) +<i) )
6 |\ 2 2 ) 7\2

Dy, =4/ D +d’ @

Then, from eps.(1)and(2), the effective bubble diameter expressed as the sphere equivalent

where

diameter is

6V.50 VZ
Dy, = ( ) (3)
s
In Fig.6, the D, values, revaluating the D’ 1 I o_:! /,/Tt//
values Dbased on the experiments, are plotted E }/’; e
against the superficial air velocity be d th 2 > -
g pertici 1ty yon e _§ //y
minimum fluidization velocity of the CFB 5 >N
< 0.5
systems. The bubble diameters slightly increase % 047
5
with U— U, but there are no appreciable change o
0
of them with the given centrifugal effect, Z. §
The graph also compares the data with the = comnogal ootz ] 0.4 03 047 08
equation derived in detail previously for the CFB = drop shatt - W A e
systems (Chiba et al. , 1992). The equation of parasolic flight c o
T I 1 1 1

the initial bubble diameter in a gravitational ot

fluidized bed (Chiba and Kobayashi, 1972) was gas velocity, U - Umf [em/s}

dified t ;
modified to Fig.6  Dso data for 98um glass beads systems

compared with Eq.(5).



= k{ "
T

replacing the gravitational acceleration by the radial acceleration, where Q is the gas flow rate

per unit orifice in the distributor. Expressingrw 2 = Zgo and rearranging, eq.{4)is written as

6A’ " 04 -2
Dy, = 1 U-Uy 27 5
ks 7 RiGo

In the calculations the value of k, coefficient of the bubble rise velocity which is inveolved in
the equation, was used to be 0.55 which is an ordinary value experienced in the gravitational
fluidized '
beds. The results are found to be in good agreement with the data at low velocities but at
U—Uy,>25cm,/s agreement breaks down as seen in the graph. It was expected that this would
be the dependence of k on centrifugal effect, Z, not included in the calculation. Generally, the
k, involves the influence of properties of particles, bed configuration and so on, so that its value

should be determined under a given experimental condition.

Segregation Phenomena
There are three commonly acceptable mechanisms of solid mixing in a gravitationai gas fluidized
bed ; bubble wake lifting
from bottom to top of the bed, solid exchange between wake and bulk and drift displacement.
Whenever a mixture components differ in
size and./or density, segregation may
occur. Segregation is caused by the
preferential descent of bigger and/ or
heavier particles through the bubble
passage region (Rowe et al. , 1972,
Tanimoto et al. , 1980). The particulate
mono — componet particles beds have
become fluidized even in microgravity
environment by using the centrifuge as
described above. In the CFB system

where a mixture components differing in

physical  properties are fluidized ,

segregation will occur as well as the Fig.7 Segregation behavior of bigger particles.
stationary gravitational fluidized bed. centrifugal effect: Z=10.10 [-].
The photograph of Fig.7 shows the gas velocity: U = 5.06 [cm/s].

segregation tendeny of bigger particles of

1200 #m glass beads dyed in black color



in centrifugal fluidized bed of 98 #m smaller ones. At normal gravity the bed is well mixed (Fig.
7(a))and then destributed over the whole column due to the given centrifugal forces with decreasing
gravity (Fig. 7(b}). At the moment the air is supplied radeally inward through the cylindrical
distributor. The bed becomes fluidized and the bigger particles are going to the bottom of the
bed as seen in Fig.7(c). In addition a certain amount of stead state settling of the bigger particles
occurs in bubble generation areas just above the orifices (Fig. 7{d)). The picture shows that
segregation according to particle size clearly occurs.

The degree of segregation was evaluated in terms of the segregation index, Is, simply defined

as

-~
»

e
ES

-~
1]
T
L

(6

?*

1.0 T T T

PACKED/FLUID X = 12,1 [wi%]
GB1200/GBo8

where the values of Ai and Ao are of the

projected areas of bigger particles segregated in

o
o

the bottom of the bed and of completely

segregated bed respectively, which were obtained

<o

[

-
»

from the image analysis. With this definition,

Is =0 corresponds to perfect mixing and/s=1

=}
S
~
\

corresponds to complete segregation respectively.

segregation index, 1s[-]

/
»
g/ Z{-] U-Umifcrm/s)

time from that the air was supplied. Through /( O ogs 830

Figure 8 shows the change of Is with fluidizing

-

o
n

N
o

® 010 217

the Is values differ in operating conditions, the 0.0 I I

tendency of the variations is almost the same 0 3 6 9 12 15 18
over the measurement time and it seems to fluidizing time, Tt [sec]

become dynamic equilibrium state of the beds . .o . e .
o ) Fig.8 Variation of Ir with fluidizing time.
around more than 9 seconds fluidizing time, 7;.

All data of segregation indices were obtained 1.0

I I

at steady state. A new factor determining PACKED/FLUID X =12.1 [wi%)]
GB1200/GB98

segregation is obviously the centrifugal forces

or the centrifugal effect, Z, as conveniently j o8

expressed. In Fig.9 the data of Js are plotted : —°7

against Z at almost the same excess flow over é 08 g /

the minimum fluidization value, U/~ U,=3.0cm § /

~s. Starting with a well mixed system, ﬁ 0.4 o

segregation at first increases fast with increasing g /

rotatig speed, the rate of increase falls gradually 9 0.2 [l U-Umls =2.9 - 3.2 (C”‘/Sl}"
and then seems to approach no significant

change at all. Considering the mechanism by 0.0

which both mixing and segregation occur, the 0 0.1 0.2 0.3 0.4

. . ) i cenrtifugal effect, Z [-]
mmportant factor is the gas velocity, practically

the flow rate passing through the bed in the . . . .
P : . : Fig.9 Variation of /s with centrifugal effect.



form of bubbles. The degree of segregation 10 ! [ [
varies with the rate of bubbling, U— U, in the PACKED/FLUID X =12.1 [wi%]
. GB1200/GB98
manner shown by Fig.10. At Z =0.06 % 08
segregation firstly increases slowly with increase —
» e
in gas velocity, the slope of the curve rises to -‘E’ 0.8 - S
a maximum at around 2 to 3cm,/s velocity and  _ /
& O
then decreases again as seen in the graph. It 'S 0.4 o'/
[1+]
is also looked to be the similar pattern of the ? / Z[]
o
Is’s variation for the data of Z=0.1, though the & 0.2 ? o 005
’ ® o1 ]
data being limited. From all data, it is clear /:[
that segregation in centrifugal fluidized beds 0.0 —
0 2 4 6 8 10

becomes pronounced with increasing gas velocity gas velocity, U - Umfs [ems]
and rotating speed. With the generation of

bubbles the bigger particles mixed with the Fig.7 Variation of Is with the rate of
smaller ones have been segregated in the bottom bubbling.

of the bed because the gas velocity needed to

fluidize smaller particles is inadequate to fluidize

bigger ones. This mainly depends on the ratio

of particle diameter in present particle combination.

CONCLUSION

Little work has been done cn the fluidization of solid particles under microgravity conditions.
However, this paper clearly shows that the rotating bed becomes fluidized at suitable operating
conditions, such as radial gas velocity and rotating speed, even in microgravity. The bubble behavior
have been found to be rather similar as those in the stationary gravitational fluidized bed. The
initial bubble diameters cbserved increase with around 0.4 power of the velocity U— U, but do
not show the dependence of centrifugal effect, 7. The data have been compared with equation
(5) which consists of the modification of the expression of Chiba and Kobayashi. The results
have been found to be in good agreement at relatively low velocities but at high U — U, to break
down.

Experimental observations of centrifugal fluidized beds of a binary mixture of particles have
shown that segregation acording to size clearly occurs, with bigger particles settling to the bottom
of the bed. Segregation tendency becomes pronounced with increasing gas velocity and rotating
speed.

The experimental results described in this paper are still at limited operating conditions, but
suggest a capability of the powder processing and handling by the centrifugal fluidized bed having
a high gas—solid contact caused by small bubble resulting in high bed voidage in microgravity.
Further measurements are necessary to determine the influence of gas flow rate, bed height, and

rotating speed of the bed on characteristics of the bubble, bed voidage and particle mixing

segregation in more detail.
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LIST OF SYMBOLS

A, projected area of completely segregated bed of bigger particles
A projected area of bigger particles segregated above the orifice
A, surface area of distributor

Dy,  initial bubble diameter

d, bed thickness

g gravitational acceleration

& normal gravitational acceleration

H, static bed height

H; fluidized be height

A segregation index

ks coefficient of bubble rise velocity
ny number of orifices

Q volumetric flow rate

r radius of bed

t time

'y fluidizing time

U superficial gas velocity

Uy, minimum fluidization velocity
4 centrifugal effect =rw?/go
&. voldage at U=Umf

) angular velocity
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Synthesis of Silica-Aluminas from Mixed Alkoxides
under Short-Time Microgravity

T.OKUTANI*, Y.NAKATA®*, M.SUZUKI*, H.NAGAT"
and M. SHIMOKAWABE®

A. Government Industrial Development Laboratory of Hokkaido,
2-17 Tsukisamu-Higashi, Toyohira-ku, Sapporo 062
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Homogeneous silica-aluminas were synthesized by hydrolysis of mixed alko-
xides under short-time microgravity (#-G) circumstance of 10G for 10 seconds
using the microgravity experimental facility of Japan Microgravity Center
(JAMIC, Kamisunagawa in Hokkaido) .

The hydrolysis of the mixed alkoxides was carried out by the mixing of
benzene solution of methyltriethoxysilane and aluminium isopropoxide with water
containing ammonia under #-G circumstances to prepare the silica-alumina gels.
The silica-aluminas were synthesized by the heat treatment of the gels .The silica-
aluminas synthesized under #-G circumstances, had more homogeneously dis-
persive silica and alumina, finer particles, narrower particle size and higher cata-
lytic activity than those synthesized under 1 -G.
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[§ éjl Teflon tube

with screw plug

Urethane tube
(0.1 mm thickness)
AN Mixed alkoxide
Catalyst(+water) . benzene solution
(NH3+H20) q;?(?
\§§ Stirring balls
(3 iron balls
with 9.5 mmé)
Fig. 4 Teflon reactor.
Tab.1 Samples for preparation of silica alumina

gel from mixed alkoxide under u#-G

Mixed alkoxide : 3 mole/ £ - MTES benzene solu-
tion(5/3ml) + 1 mole/ £- AIP benzene solution
(5ml),

[ A ]:mole of mixed alkoxide,

[NH:] : mole of ammonia water,

[Hz0] : mole of water

NH3 water
Sample (NH3=29%) H20 [NH3]/(A] {H20])/[A]
(ml) ml) (mole ratio) (mole ratio)

1 -
l 0. 355
* 1 —

1.756
1. 756
1.756

3.944
5.917
3.944

—mg

*) added I mlof conc. HC¢ ( HC¢ content : 36%)
after u-G experiments.
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TG-DTA curves of xerogel J prepared under u-G and 1-G.

Heating rate : 10C/min, Atmosphere : air flow of 100mé/min,

Thermocouple : PR.

Tab. 2 Specific surface areas of silica-alumina
prepared under ¢-G and 1-G. (ni/g)

under #-G |under 1-G
silica—alumina D 368.9m/g 461.1m/g
siica—alumina ¥ 373.2 348 .4
silica~alumina J 381.0 319.5
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ABSTRACT

SiC fine particles were synthesized by the pas-phase thermal decomposi-
tion of tetramethylsilane (Si(CHs)4) in hydrogen under microgravity of 10746
for 10 sec. Rapid heating to the temperature over 800° C which is required
for thermal decomposition of Si(CHg)gq under short-time microgravity was
attained using a chemical oven where the heat of exothermic reaction of
combustion synthesis of Ti-Al-4B composites was used as the heat source.
Monodisperse and spherical SiC fine particles were synthesized under micro-
gravity, whereas aggregates of SiC fine particles were synthesized under 1 G
gravity. The SiC particles synthesized under microgravity (150-200 nm) were
bigger in size and narrower in size distribution than those under 1 G gra-
vity (100-150 nm).

INTRODUCTION

Sub-micrometer-sized particles are being utilized in a wide range of
areas such as ceramics and catalysts. Fine particles have high surface area,
high surface energy and high concentration of imperfections or defects 1in
the surface of particles. These features of fine particles bring about 1im-
provement of sinterability, strength and toughness, catalytic activity and
adsorption activity. Fine particles are synthesized by various chemical
processes such as gas-phase and liquid-phase reactions. Generally, fine
particles are in the state of aggregation. It is thought that the aggregates
of particles have less surface areas and imperfections or defects in the
lattice of the surface of particles than monodisperse particles. Therefore,
the intrinsic features of fine particles can not be expected to exist in the
aggregate of the particles.

Particles move about the reaction field by electrostatic effect on the
surface of the particles and by convection currents of gases and ligquids and
the resulting collision of particles leads to the aggregates of the particl-
es. Under microgravity, no mass transfer due to convection currents in gases
and liquids exists and substances having different specific gravity can be
dispersed homogeneously. It is expected that monodisperse fine particles can
be synthesized by the gas-phase reaction under microgravity.

The microgravity conditions of 10-4¢ for 10 sec can be obtained by free
fall of 490 m length of the microgravity experimental facility of Japan
Microgravity Center (Kamisunagawa, Hokkaido) which was constructed using a
shaft of the abandoned underground coal mine having a depth of 710 m. The
purpose of this research is to show that monodisperse fine particles can be
synthesized under microgravity. We took up the synthesis of SiC fine parti-
cles from the thermal decomposition of Si(CHg)gq as a model reaction because
the SiC synthesis from Si(CHg)4 has already been investigated in detail by
Kato et al [1]. They have reported that fine amorphous particles_were pro-
duced by the pyrolysis of Si(CHg)4 in hydrogen at 800" C and fine 3-sic par-
ticles were produced above 900" C.

*
This paper was reproduced from Material Research Society Symposium Proceedings, Vol. 286 (1993)
pp. 113-118, by the permission of Materials Research Society.



MICROGRAVITY EXPERIMENTS

The underground drop shaft
is shown in Figure 1 schemati-
cally. The capsule is allowed
to drop from the ground to a
depth of 490 m along the magne-
tic guide of the shaft for
obtaining microgravity in 10
sec. To obtain microgravity of
good quality, the drop speed of
the capsule is compensated for
air resistance as the capsule
is dropped in air. The maximum
weight and size of payload of
capsule 1is 1,000 kg and 870
mn(¥) x 870 mm(L) x 918 mm(H).
Figure 2 shows the microgravity
level with the time during the

microgravity experiment. The
microgravity level for first
0.5 sec from the time the cap-
sule was dropped shows a fluc-

tuation within 0.02 G and that
for 0.5 sec to 10 sec after the
drop is less than 10746G.

REACTOR, SAMPLES AND COLLECTING
METHOD OF FINE PARTICLES

A quartz tube, 8 mm inner
diameter, 10 mm outer diameter,
300 mm length, sealed at one
end and connected with a stop-
cock at the other end, was used
as the reactor. The reactor was
evacuated, and then,
packed with a gas mix-
ture of Si(CHgz)gq (100 i
Torr} and Hp (100
Torr). The thermal de-
composition of Si(CHg)y4
of 100 Torr (volume: 24
cc) forms SiC of 5.64
mg theoretically.

The SiC fine particles
were deposited on heat-
resistant molybdenum
(Mo) meshes which were
set in the reaction
zone of the reactor.
The Mo nmeshes were
coated by carbon so as
to subject them to a
transmission electron
microscope (TEM) obser-
vation. The setting
view of the carbon
coating Mo mesh for
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collection of the SicC
fine particles is shown
schematically in Figure
3. Four Mo meshes were String of Mo for
fixed by a Mo string at fixation of 2
the end of Mo tube hav-

ing a square section set
in the reactor.

Quartz reactor

Carbon coating

Mo mesh

HEATING UNDER MICROGRAV- S1(CHg)4-Hg
ITY

Gas-phase Si(CHglg Tube having square section of a
decomposes into SiC fine Mo sheet
particles at the temper-
ature above 800" C.
Sj(CH3)4 gas must be Flg. 3. Carbon coating Mo mesh for collection of SiC fine particles.

heated at the tempera-
ture above 800 C during the 10 sec of microgravity.

Combustion synthesis [2] is attracting a lot of attention as a unique
process to prepare many types of refractory materials such as borides, ni-
trides carbides and silicides [2-4]. This process is a strong exothermic
formation reaction with self-propagation, so that high energy efficiency and
low processing cost can be realized. Odawara et al. [6] have reported that
the process of combustion synthesis of Ti-Al-4B composites consisted of a
strong exothermic formation of TiBp and a weak exothermic formation of Q-
AlBq9.

Ti + Al + 4B —— TiBy + Q-AlBq3
The interaction of formations of TiBs and (-AlBjo led to a longer heating
time at high temperature than TiBo formation only. The maximum temperature
during the reaction of Ti-Al-4B was 1950 K.

Based on these results, the chemical oven in which the heat of the com-
bustion synthesis of the Ti-Al-4B composites was used as the heat source was
constructed and used under short-time microgravity. Schematic diagram of the
chemical oven is shown in Figure 4. Ti, Al and B metal powder mixture with
1 to 1 to 4 mole ratio was pressed to a pipe-shape and molded with an inner
diameter of 11 mm, an outer diameter of 25 mm and a height of 35 mm.
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Filg. 4. Schematic diagram of chemlcal oven.

1: Reactor, 2: Ti-Al-4B, 3: W filament, 4: Position
adjuster, 5: Silicone rubber sheet packing, 6: Rubber plug
seal, 7: Stop valve, 8: Ignition terminal.



The pipe-shape Ti-
Al-4B molding had a 1800 F T T T T .

packing degree of 1 G zone \L Microgravity zone | Braklng zone
50% (the packing 1600 .
degree shows the /r
percentage of appa- Lacok oo Do

rent density of the
molding for density
of Ti-Al-4B) and
was used as the
heating element of
the chemical oven.
The ignition of the
Ti-Al-4B heating
element was carried 00
out with a tungsten
filament set in the
chemical oven in an
Ar atmosphere. The
reactor was set in
the heating ele- . . 1 1

ment. The carbon 0 5 o " P
coating Mo mesh in

the reactor was at

the center of the e
heating element.

Figure 5 shows
the relationship
between the temper-
ature of reactor center under microgravity and 1 G and the time after igni-
tion of the heating element. Since the thermal decomposition of Si(CHg)yg
starts at a temperature above 800 C, the temperature of reactor in the cap-
sule 1is controlled to below 800 C at the beginning of the drop. In this
study, the temperature of reactor was controlled to 700°C at the beginning
of drop. The temperature at plateau under microgravity (1270°C) was 160" C
lower than that under 1 G (1430°C) as shown in Figure 5. It was assumed that
the heat of the combustion synthesis of Ti-Al-4B composites did not transfer
sufficiently to the reactor, because only radiation related to heat transfer
under microgravity (no convection flow of gases exists under microgravity).
However, the reactor was heated at a temperature above 800 C for 9.5 sec
under microgravity. Therefore, it was considered that thermal decomposition
of Si(CH3)q to SiC proceeded adequately.

Odawara et al. [5] have reported that Ti-Al-4B heating element with the
packing degree of 70% had higher heating rate and plateau temperature than
that of 50 %. It is thought that the temperature can be controlled by the
packing degree of the Ti-Al1-4B heating element.

Under mlcrogravity -

1200

T

1000

800 -

Temperature (' C)

Time {sec)

Fig. 5. Reactor temperature obtained by chemical oven with time.

SiC FINE PARTICLES FORMED UNDER MICROGRAVITY

Morphology of SiC fine particles deposited on the carbon coating Mo mesh
in the reactor were examined using a transmission electron microscope (TEM,
Hitachi, Ltd., H-800NA). The crystalline phases of the particles were iden-
tified by SAED (selected-area electron diffraction). SAED was carried out at
an acceleration voltage of 200 kV using H-800NA electron microscope. The SiC
fine particles synthesized under 1 G were compared with those under micro-
gravity.

TEM photograph of SiC fine particles formed under 1 G is shown in Figure
6. The aggregates of spherical particles having a diameter of 100 to 200 nm
were formed under 1 G. TEM photographs of SiC particles formed under micro-



Fig. 6. TEM photograph of SiC fine
particles formed by the
thermal decomposition of
Si(CHg)4 under 1 G.

Fig. 7. TEM photographs of SiC fine particles formed by thermal
decomposition of Si(CHg)4 under microgravity.

gravity are shown in Figure 7. Monodisperse spherical SiC particles having a
diameter of 150 to 200 nm were formed under microgravity. The particles had
larger size and narrower size distribution than that under 1 G. These re-
sults show that microgravity during the formation reaction of particles
influences the dispersion and particle size. TEM photograph and SAED pattern
of the particles formed under microgravity are shown in Figure 8. The pat-
tern shows particles are poorly-crystalline SiC. The crystalline phase of
the particles formed under 1 G was also poorly-crystalline SiC.



Fig. 8. TEM photograph and SAED pattern of the
particles synthesized under microgravity.

SUMMARY

The SiC fine particles were synthesized by the thermal decomposition of
Si(CHg)4 under short-time microgravity of 1074G for 10 sec. The reactor was
heated at a temperature above 800° C which is required for SiC synthesis from
Si(CHg)4 in a chemical oven where the heat of the exothermic reaction of the
combustion synthesis of Ti-Al1-4B composites was used as the heat source.
Under microgravity, the spherical SiC particles appeared in state of mono-
dispersion. Under 1 G, the spherical SiC particles appeared in an aggrega-
tion state. The SiC particles formed under microgravity have a larger size
and narrower size distribution than those under 1 G.
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