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AN APPARATUS AND PROCESS FOR COOLING AND
SOLIDIFYING CONTINUOUS OR SEMI~CONTINUOUSLY
' CAST MATERIAL - B

While the invention 1s subjJect to a wide range of
apprlicatiens it 1s especially sulted for use in
continuous or seml-continuous casting particularly
electromagnetic casting of thin strip material and
will be particularly described in that connection.

The process and apparatus are preferably used to
more rapldly extract heat from molten material being
cast so that the casting speed can be increased. The
present invention is particularly adapted for the
casting of very thin strip cross sections from .
materials comprlsing reactive metals or alloys, semi-
metals and semi-conductors, etc., which require the

use of an inert cooling medlum such as an inert gas.

U.S. Patent No. 3,735,799 to Karlson sets forth
an electromagnetic casting apparatus wherein coolant
is applied to the solidlfying and solidified surface
of the ingot.

In accordance with the present inventlon a
fluldized bed coolant appllcation system is employed
which 1s capable of providing high heat transfer rates.
The high heat transfer rates enable the casting rate
to be markedly increased.

While the fluidized bed coolant applicatlion
system of this invention has particular application
with respect to electromagnetic casting wherein the
materlal ls molded by levitatlon and, therefore,
without contact of a chill mold 1t could be applied
to other forms of continucous and geml~continuous
casting and for any desired materlal lncluding
conventional nonreactlive metals and alloys,

A varlety of processes have been developed for
forming materitals such as sillicon inte a thin strip

shape. Examples of such approaches can be found i1n
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National Technical Information Servlice Report
PB~248963 "Scale~Up of Program on Continuous Silicon
Selar Cells" by A, D. Morrison, published in
September 1975, and a paper entitled "The Role of
Surface Tension in Pulling Single Crystals of
Controlled Dimensions™ by G. K. Gaule et al. from
Metallurgy of Elemental and Compound Semiconductors,
published by Interscience Publishers, Inc., New York
in 1961, pages 201-226.

A conslderable body of art has developed with
respect to the use of electromagnetlic containment for
the purposes of casting metals as in U.S. Patent No.
2,686,864 to Wroughton et al. A typical commercial
electromagnetic casting apparatus comprises a three-~
part mold consisting of a water cooled 1lnductor, a
non-magnetic screen, and a manifold fof applying
cooling water to the resultant casting. Such an
apparatus 1s exemplified in U.S. Patent No. 3,467,166
to Getselev et al. Containment of the molten metal is
achieved without direct contact between the molten
metal and any component of the mold. Solidification of
the molten metal i1s attalned by the direct application
of water from a cooling manifold to the sollidifying
shell of the casting. An elaborate discussion of the
prior art relating to electromagnetic casting 1s found
in U.S. Patent No. 14,161,206 to Yarwood et al. (1).
That prior art statement 1s intended to be incorporated
by reference herein. The Yarwoed et al, (1) patent
deals with a control system for controlling the
electromagnetic process which 1is belleved to have
particular use in the apparatus of the present
invention, ‘

The use of fluitdized beds in metallurglcal
applications for heating and ceollng ls set forth in
a number of articles comprising: "Heat Transmission
Through Fluidized Beds Of Fine Particles" by Leva et
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al., Chemical Englneering Progress, Vol. 45, No. 9,
Pages 563-572, published in September 1949; "Heat
Transfer Characteristics of Fluidized Beds" by
Mickley et al., Industrial And Engineering Chemlstry,
Vol. 41, Ne. 6, Pages 1135-1147, published in June
1949; "Fluidised beds-advances and advantages" by
Keirle, Metallurgla, Pages 416-418, published in
June 19793 "Heat Transfer Between a Vertical Tube
and a Fluidized Air-Solid Mixture" by Dow et al.,
Chemical Engineering Progress, Vol. 47, No. 12,
Pages 637-648, published in December 19513 "The
Continuous Heat Treatment Of Wire Using Fluidized
Beds" by Virr, provided by Fennell Corporation,
Harvey, Illinois, July 29, 1980.

While fluidized beds as described in the
aforenoted articles have found some metallurgical
applications 1t is not apparent that the orior art
has recognized the unique applicabiiity of fluidized
beds as a coolant application system in the
continuous or semi~continuous casting of materials
such as metals, seml-metals, semi-conductdrs, ete.,
particularly when such materials are reactive in
nature.

In electromagnetic casting it is known that the
interface position between the liquld and solid
should be maintained at the electrical centerline of
the inducter. A number of approaches have been.
devised for controlling the position of the liquid
solld Interface. For example, U.S. Patent No,
4,158,379 to Yarwood et al. (2) shows the movement of
a coolant application manifold in order to reposition
the 1ligquld selid interface. '

A number of a typlcal coolant application systems
for producing fibers, filaments or wire for molten
metal are described in U.S. Patent Nos. 3,543,831 to
Schlle, 3,685,568 to Pond and 4,153,099 to Pflieger.
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Ultrasonic energy has been employed 1n a wide
variety of applications in the chemlcal and
metallurglical industry as exemplified in U.S. Patent
Nos. 2,828,231 to Henry, 3,056,084 to Osterman et al.,
3,194,640 to Nesh, 3,511,488 to Stubblefleld,

4,167, HZM to Jubenville et al. and 4,168,295 to Sawyer.
In accordance with the present invention an
apparatus and process 1s provided for the casting of

desired shapes, preferably thin strip shapes, at
increased casting rates. Preferably, the apparatus
and,process employ an electromagnetic thin strip
casting arrangement“wherein the material being cast
is levlitated in both the sump and the strip forming
portion of the casting unit. This provides improved
purity in the resultant casting since interactions
with'refractories or other mold materials are
substanﬁially eliminéted.

It has been found that a major constraint in
provlding increased casting rates comprises the
heat transfer capability of the coolant application
system. This 1s particularly.the case when casting
materials which are eilther hlghly reactive or have
relatively low thermal conductivities in the solid
state. Previously, 1t had been proposed to cast such
materials by employing a gas cooling system. Gas
cooling, however, by virtue of its heat transfer
capabllities is not suitable for casting at relatively
high casting rates.

In accordance wilth the present invention the
coolant application system employs a fluldized bed of
inert particles such as sand. 8uch a fluidized bed
1s capable of markedly higher heat transfer rates than
a gas cooling systen. Further, such a rluidized bed
since it utilizes a gas to provide fluidization is
capable of utilizing an tnert gas such as helium,
argon, etc., which will not réact with the materlal
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being cast. Therefore, the use of a fluldized bed coolant appli-
cation system In accordance with this Invention provides all the
advantages of a gas coolant system with the further marked
advantage of improved heat transfer rates.

In accordance with the present inventim a control apparatus
is provided for the fluldized bed cooling system which determines
the most upstream posltion at which the fluldized bed contacts
the material belng cast. The cmtrol é;:paratus or system 1s
adapted to adjust the pressure differentlal between the gas used
to fluldize the bed and an opposing gas pressure. By adjusting
the relatlve dlifference between the presswre of the fluldizing
gas and the opposing gas pressure the surface of the fluidized
bed which determines the upstream helght of the bed can be mowved
upwards or downwards as desired as the pressure differential is
elther increased or decreased.

In accordance with the present inventim the cooling

‘effectiveness of the fluldized bed in the region of the casting

zone 1s augmented. This 1s accomplished by providing a flow
enhancing means which can enhance the flow of the fluldized bed
into the casting zone. In accordance with a preferred embodiment
this is accomplished through the use of sond generators which
generate somnd waves moving in a direction so as to impact the
strip being cast near or at the casting zone. The frequency of
the sond waves may be selected as desired to provide the
enhanced flow of the fluldized bed. Altematiwe means for

" providing the enhanced flow could include fans or gas jets

providing an enhanced gas flow dlrectim directed at the casting
ZOore.
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Accordingly, it 1s an object of thils invention
to”provide an improved spparatus and process for
continuoue or seml~continuous casting.

It is a further object of this invention to
provide an apparatus and process as above having
an improved casting rate.

It 1s a still further object of thils Invention to
to provide an apparatus and process as above which is
adaoted for the electromagnetic casting of very thin
strip shapes of highly reactive materlals.

It is yet a further oblJect of this invention to

rovide'an appraratus and process as above which
1ncludes a control system for controlling the level
at which a fluldized bed cooling system first.
contacts the emerging casting.

It is yet a further obJect of this invention
to provide an apoaratus and process as above which
includes a system for providing flow enhancement
of the fluidized bed at the casting zone.

' These and other objJects will become more
apparent from the following description and drawings.

Figure 1 is a schematic representation in

partlal cross section of an apparatus in accordance
wlth the present invention;
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Flgure 2 1s an.enlargéd schematlc representation
of the casting and coollng statlons in accordance with
one embodiment of thls invention;

Figure 3 1is a stl1ll further enlargement of the
containment and cooling sections of the apparatus of
Figure.Z;

Figure 4 1s a schematic representation of the
casting and cooling system in' accordance with a
different embodiment of the present invention;

Figure 5 1s a further enlargement of the
contalnment and cooling portions of the apparatus of
Figure 4;

Figure 6 comprises a schematic representation of
an apparatus as in Figure 5 further including
ultrasonic flow enhancement;

Figure 7 comprises a schematic representation of
an apparatus as in Figure 5 further including flow
enhancement by means of fans; and

Figure 8 1s a schematic representation of an
apparatus as in Figure 5 further including flow
enhancement by means of gas Jets. 7

In accordance with the present invention an
apparatus 10.and process are provided for casting,
preferably in thin strip form, materials such as
reactive metals, particularly those having a high
melting polnt such as titanlum, zirconium, vanadium,
tantalum, molybdenum and tungsten as well as other
metals, alloys, metallolds and semi-conductiwve
materlals such as silicon. These materlals are
preferably cast under condltions employing inert
atmogpheres or vacuums to.avoid the formation of
excesslve oxidea. The prilor art aporoaches as
described heretofore require sophisticated control of
atmosphere in order to yield a clean uncontaminated
thin strip product irrespectivé’of the casting method.
The electromagnetic casting method is strongly
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preferred because of ‘the absence of contact with a

crucible or mold which eliminates the attendant
contamination problems. ' The prior art coocllng
approach employing gas cocllng restricts the output
of the casting machine making the process preferred
}for usé“only wlth extremely expensive materlals such
as high purity silicon. "Much higher casting rates
are'desired not only for such high purity materilals
such as silicon but also for refractory high melting
point metals such as the reactive metals described
above. In accordance with the present lnvention an
apparatus 10 has been devised for achleving ,
significantly higher cooling rates in a continuous
or semi-continuous casting apparatus than can be
achieved by the approaches of the prior art. Thls is
accomplished 1n accordance with the present invention-
through the use of a fluidized bed cooling apparatus
lo.ahd process.

Referring now to Figures 1 through ‘3 there 1is
shbwn by way of example an apparatus 10 in accordance
with one embodiment of the present invention. The
apparatus 10 lncludes a casting chamber 11. The
casting chamber 11 surrounds an electromagnetic
casting mold 12 which also supports 1n a levitated
fashion a sump 13 of molten materlal. The casting
system further includes a means 14 for replenishing>
the material in the sump 13 as it is depleted in the
casting operation, a coolling system 15 comprising a
fluidized bed in accordance with the present
invention, means 16 for transporting the resultant
strip product S out of the casting chamber 1l and an
isolation chamber 17 surrounding the casting mold 12
and replenishment system 1l.

- The casting chamber 11 and the 1solatlon chamber
17 are provided with an inert gas atmosphere. The
inert gas may be any desired inert gas including
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hellum, argon, etc. 'Thé inert gas In the casting
chamber 11 i1s supplied by thé'flqidized bed cooling
system 15 and comprises the gas utilized in
fluldizing the particle bed. "The lnert gas supplied
to the isoclation chamber 17 1s provided from a source
18 of inert gas which supplies both the isolation
chamber 17 and the fluldized bed coolant system 15.
The inert gas source 18 can be any desired source
such as a tank of compressed gas.

A bloewer 19 in the condult 20 between the inert
gas source 18 and the fluldized bed gas plenum 21 is
used to provide a desired flow of inert gas necessary
to fluldize a bed of preferably inert particles such
as sand. The sand particles are arranged in a lower
portlion of the casting chamber 11 which comprises the
fluldized bed chamber 22. The gas flow which 1is
created by the blower 19 through the fluldlized bed
plenum 21 passes through a2 screen 23 which forms the
bottom of the fluldized bed chamber 22 and prevents
sand particles from falling into the plenum 21. When
the bed is properly fluidized, the top surface 24 of
the bed 25 willl be at least as high as 1s desired for
the fluidized bed to contact the resultant product S
at an aﬁpropriate coolant application position.

When the proper conditions have been maintailned
to provide the desired fluldized bed 25, most of the
particles will remain in the bed being levitated
thereln by the flow of inert gas. The upper portion
26 of the casting chamber 11 flares out in order to
provide a disengagement zone to provide separation of
the bed particles and the gas. The gas then flows
out of the upper portlon 26 of the casting chamber 11
via conduit 27 which 1s in communication with a
cyclone separator 28 which separates any remalning
entrained particles from the gas flow. Any particles
80 separated are returned to a partlicle supply
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condult 29, " The gas from the separator 28 passes
through a filter ¥ $o further remove entrained
particles and then through ‘a heat exchanger 30 to
reduce its temperature back to 1its desired coolant
temperature., A pump 31 then pumps the gas via
condult 32 back into the gas supply system 18.

' Additlonal bed particles for addition to the
fluidized bed 25 are malintalned in a supply hopper
33 connected to the supply condult 29. The particles
from the hopper 33 and the cyclone separator 28 fall
into the supply condult 29 which in turn is vibrator
V actuated so that a desired amount of partlcles can
be metered into the fluldlized bed chamber 22 by
vibrating the condult 29 for a desired period of
time.

In order to cool the fluldized bed 25 in
operation a cooling Jacket or plenum 34 for water or
other desired coolant is provided in heat exchange
contact with the surrounding lateral wall 35 of the
fluidized bed chamber 22 extending from the screen
23 level to a height at which the fluldized bed no
longer exlsts. 'The fluldized bed 25 contacts thils
cooled wall 35 and is itself cooled so as to provide
enhanced cooling of the resultant cast strip S.

Details of the cyclone separator 28 particle
éupply 33, inert gas supply 18 and inert gas heat
exchanger 30 are not presented as they can comprise
any well-known design as are known in the art
particularly the art noted in the background of this

. application. While a condult 32 and heat exchanger

30 are provided for'returning the gas emitted after
filtering to the original gas supply 18 if desired
the gas could merely be exhausted in a conventional

fashion and only virgln inert gas utllized in the
process.
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In the emhodlment of Filgure 1 the fluldized bed
plenum 21 ls sealed agalnst the strip S by means of
rubber wipers 36 as will be described hereafter,
Alternatively, a seal can be provided by a flow of
gas from a suitable plenﬁm 37 surrounding the strip
and connects te a gas supply (not shown),

The electromagnetic contalmment system 12 may
be any desired system for containing and forming the
resultant strip product. The inductor 38 which shapes
the molten material into the desired thin strip shape
defines a contalnment zone of 5 millimeters or less.
The shapling inductor 38 is preferably in communication
with a sump 13 levitating inductor 39. A sump 13 of
molten material 1s levitated by inductor 39 above
the shaping inductor 38 so that all contamination with
cruclbles or the like 1s avoided.

In the system shown in Figures 1-3 a so0lid bar 40
of the material being cast is advanced by pinch rollers
41 and 42 at a rate controlled in a manner so as to
replenish the sump. A control system U3 senses an

. electrical parameter which is a function of hydrostatic

pressure of the molten material and then energlzes
motor L4 to feed the solid material U0 into the melt
at a rate so as to maintain a constant hydrostatic
pressure and, therefore, a constant level in the sump.
In the embodiment shown in Flgures 1-3 the
casting mold 12 and the replenishment system 14 are

" preferably arranged in an inner chamber 17 whlch is
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separately supplled with an lnert gas. The purpose
of utilizing such an lnner chamber 17 is to reduce .
the likelihood of contamination of the materlal being
cast by the particles utilizéd in the fluldized bed.
While 1t 1s preferred ln accordance with this ‘
inventfion to utilize sucﬁ an internal chamber 17 it .
1s not bellieved to be essential since it 1s thought
that only a small percentage of particles would be
entrained in the gas in the upper portion 26 of the
casting chamber 11 and that those particles would -
not because of thelr small size and the surface .
tension of the molten material 13 become entralned
in the resultant casting S. However, to reduce the
posslbility: of contamination the lnner chamber 17 is.
provided with a slight posltive pressure which
prevents the entrance of the bed particles into the
chamber 17. The walls 45 of the inner chamber 17 are
constructed of any suitable material. At least that
portion 46 of the walls U5 which comes in contact
with the inductors 38 and 39 are formed of an
insulating material such as alumlna. The remaining
portions of the inner chamber walls 45 which are
not affected by the field of the inductors can be
formed of any desired materlal such as a metal
though preferably a non-magnetic metal is employed.

~ The resultant thin.strip casting S is withdrawn
downwardly from the electromagnetié casting mold by
means of withdrawal rolls 47, 48 and 49 and upon
exiting the fluidized bed plenum it can be coiled
upon large diameter drum 50. While it 1s preferred
to coll the thin strip material S if desired the
material may be cast in long uncoiled strip shapes
by means of a conventlonal bottom block and moving
Tam approach,
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At start up & sultable starter strip (not shown)
would be provided within the shaping inductor 38,
This starter strip would be colled at i1ts opposite
end on the drum 50, It would then be withdrawn as

~the casting 1s formed and when the actual material

being cast reaches the drum 50 1t in turn would be
coiled on the drum.

It 1s also possible i1n accordance with this
invention to control the flow of gas for fluidizing
the cooling bed 25 1in a manner so as to determine
the top surface 2L position of the fluidized bed
coolant 25 and thereby the position 51 at which the
bed 25 first contacts the material S to be cooled,
Alternatively, the flow of gas into the internal
chamber 17 can be controlled to provide control of
the line of first contact 51 between the fluldized
bed 25 and the casting S. In the embodiment shown
in Flgure 1 primary cooling is provided by a gas
flow manifold 52. However, as will be shown hereafter
the primary cooling can comprise the fluidized bed 25
1tself.

In fluidizing the bed 25 the gas flow is
directed generally vertically upward. The width of
the bed 25 as compared to the width of the
electromagnetic mold system 12 1s preferably large
thereby the obstruction posed by the electromagnetic
mold system 12 will comprise but a minor obstruction
to the gas flow and it should be possible to have
the fluidized bed 25 extend up into the casting zone
53 as 1n Figure 5,

In order to further evercome the effects of the
casting mold from a gas flow obstructlon point of
view it is propesed to provide a system 54 for
asslsting the flow of the fluldized bed in the reglon
of the contaimment zone 53. This can be accomplished
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in any number of ways and as shown in Figures 1=3
it could be provided by sound transducers 55

and 56 located at the walls 35 of the fluldlzed bed
chamber 22. Further details of this approcach will
be described hereafter.

Referring now to Flgures 2 and 3 one embodiment
of the inventlion will-be.lllustrated in greater
detall. "In thls embodiment the fluidized bed cooling
system 15 i1s utllized as a secondary cooling system.
The priﬁary cooiing system comprlises a gas cooling
system 52 whereln a cooling gas flows upwardly past
the castlng zone 53 and then between the inductor 39
and the molten material sump 13 and outwardly
therefrde .

The inductors 38 and 39 are preferably

independently powered by conventional power supplies

and control systems 43 and 43' preferably of the
type described in the Yarwood et al (1) patent.
While this control system and power supply'
arrangement 1s preferred 1ln accordance with the
present invention any deslired control system and

-power supply could be employed. The upper inductor

39 preferably levitates a sump 13 of molten material.
The lower inductor 38 is preferably shaped to

provide a less than about 5 mlllimeter shaping
zone. =~ -°° '

-~ A shleld N . as shown in Flgure 3 may if desired
be employed to prevent excessive rounding out of
the upper portion of the éump. However, it may be
possible as in accordance with the teachings of the
Pryor application that the shield N can be
elilminated by suitably shaping the inductor 39.

- The control system 43 for the upper inductor 39
also 1s utilized to control the advance of the solid
material member or rod 40 into the molten material
sump 13 in a manner so as to maintain the
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hydrostatlc pressure exerted by the molten materilal
substantially constant. Thils can be accompllshed
by utilizing an electrical pafameter of the control
system which varles in a manner corresponding about
to the hydrostatic pressure. The current in the
inductor 39 or inductance of the inductor 39 are

two such parameters that can be utilized. The
control system 43 is connected to a motor 44 which
in turn is connected to the feed rolls 41 and 42 for
advancing the material into the melt. In order to
make a long casting run it 1is proposed to utllize a
large replenishment member 40 and, therefore, as
shown in Figure 2 more than one set of feed rolls

41 and 42 are preferably utilized in order to control
the advancement.

It is preferred in accordance with this
invention that the lower inductor 38 be powered at
a relatively high frequency so as to provide minimal
penetration depth of the induced current in the
cast strip S. The upper inductor 39 on the other
hand is preferably powered at a much lower frequency
in order to save power consumption.

Since the fluldized bed cooling system 15 in
this embodlment 1s a secondary cooling system a
sultable non-magnetic and non-conductive shield I is
secured below the gas coolant application manifold
52. The gas coolant manifold 52 surrounds the strip
S and 1s arranged to direct a curtain of inert gas
directly agalnst the solidifying casting S in an
upwardly manner so as to travel past the molten
materlal in the strip forming casting zone 53 and
then past the molten material in the sump 13 and
then inte the inner chamber 17. A sultable exhaust
valve K is provided te maintain control of the
pressure in the inner chamber 17 at a desired level,
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If the gas from the coolént manirold 52.1s'adeQuate
to provide the desired pressure of inert gas in the
inner chamber 17 then it is unnecessary to supply
additional gas from the inert gas supply 18 via
conduit C as in Figure 1.

The connection between the inert gas supply 18
and the gas coolant manifold 52 has not been shown,
howeveg,lit can be accomplished by any well-known
conduit type connection and does not form part of
the invention herein. The gas coolant manifold 52
also includes a port or ports to provide a gas flow.
directed downwardly which serves to seal the gap
betweeﬁ.ﬁhe non-magnetlic lnsulating shield I and the
strip S béing cast so as to prevent particles and
gas from the fluldlized bed 25 from entering into the
casting zone 53 or the chamber 17.

.The fluldlzed bed coollng system 15 includes an
inert. gas plenum 21 arranged below the fluidized bed
25 and separated therefrom by a sultable screen 23.
The plenum 21 1s constructed 1n a conventional
fashion to provide a substantially uniform flow of
inert gas directed in an upward vertical direction.
The top surface 24 of the fluidized bed extends when
fluidized at least to the height at which the bed is
intended to impact the materlal being cast S. 1In
Figure 2 the fluldized bed in operation extends
somewhat beyond that height so that the shlelds I
determine the height to which the bed 25 contacts
the strip S.

The cooling effect of the fluidized bed 25 is
a funection of both the inert gas and the particle
temperatures. 3Since the casting process 1s
preferably continuous and the bed 25 will tend to
heat up additional cooling of the bed 25 can be
provided by a heat exchanger 34 comprising a
surrounding water cooling Jacket about the bed wall
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35. There are many well-known alternative heat..
exchangers for this purpose. "For example, it could
consist of coils (not shown) running through the bed.
A flow of water through the Jacket 34 can be
established by means of a conventional pump and
recirculating circuit arrangement (not shown). A
heat exchanger (not shown) 1n the recirculating
circuit can serve to reduce the temperature of the
coolant before it flows 1nto the inpuf port 60 and
flows about the jacket 34 and then out the output
port 61 back to the heat exchanger and pump.

The portion 26 of the casting chamber 11 above
the fluidized bed is flared outwardly to provide a
disengagement zone to reduce the flow of particles
out of the chamber 11. By controlling the flow of
inert gas through the fluldized bed plenum 21 it 1is
posslible to fluldize the bed of particles to the
desired height to provide contact to the material
being cast S at the desired’secondary position. Some
particles will, of course, remaln entrained in the
inert gas and be exhausted through the port 27 of the
casting chamber 11 to be'processed and flltered out
as described in reference to Figure 1. Replenishment
of the pérticles in the fluldlzed bed 25 will be
achieved in the manner described in accordance with
Figure 1 via replenishment port 62.

In operation a positive gas pressure would be
established in the inner casting chamber 17 to
prevent particles from flowing up into that chamber.
The gas cooling manifold 52 would be actuated to
seal the inner casting chamber 17 against the
fluldized bed cooling system 15. 'The particles which
at start up would be arranged on the screen would
then be levitated to form the fluldized bed by
providing the flow of inert gas through the fluldized
bed plenum 21. Water would be circulated through the
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cooling manifgld.3h.so that the walls of the fluidized
bed system would act to reduce the temperature of the
flutdized bed 25 so that it would remain as an
effective coolant system even though the bed

.particles are not circulated through the system.

~ In-the embodiment showh the'strip exiting the

casting chamber 1s sealed against the atmosphere by
conventional resilient wipers 36. |

The initial flushing of the inner casting
chamber 17 wlth inert gas prior to start up can be
supplied via conduit C and can be controlled by
means of electfically operated valve 63. After the
inner chamber 17 is sufficiently flushed out the gas
coolant mahifold 52 1s also actuated to provide a
flow of gés both downwardly to seal the opening to
the fluldized bed chamber 22 and upwardly to provide
a flow of gas about the materlal to be cast. If the
pressure in the inner casting chamber 17 exceeds a
deslired level, the flow of gas from the inert gas
supply through valve 63 can be reduced or eliminated.
If necessary, the pressure can be further reduced by
exhausting the excess lnert gas through exhaust valve
K for recirculation back to the inert gas supply 18.
The casting process electromagnetic or otherwise may
be carried out in a conventional fashion once the
cooling system is operational. ¢

It 1s within the scope of this invention to be
able to control the cooling rate in the fluidized Sed
25 by varying the temperature of the levitating gas.
This feature is considered to be particularly

_desirable in the case of materilals such as silicon

which are:inherently brittle as solidified and which
requlire stress prelief annealing in order to exhibit
some'slight‘ductility. Of course, the use of heated |
fluldized beds 25 obtained by preheating the gas .
stream via heater 64 1s obwlously confined to those
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implementations of the casting process that do not
require maximum solidification rates.

The particle materlals used within the fluidized
bed 25 are not eritical as long as they have thermal
and dimensional stabilitles within the proposed
conditions of use. Purlfled stlica 1s an excellent
material for use in the fluldized bed. If lower
density materials are required to levitate the bed 2%
under conditions ofllower.gas_flow, less dense
materlals such as alumina or magnesia can be used.
Other bed particles can be used as desired.

‘The use of the fluldized bed coolant system 15
as a secondary cooling system will not provide high
casting rates for certaln materlals being cast. For
example, sllicon has such a low thermal conductivity
in the solid state below a given temperature that
the appllication of secondary cooling will have
llttle effec¢et on the castiﬁg rate. Hawever,
other materials when solidified will have adequate-
thermal conductlivity so that there might be an
effect of secondary cooling on the casting rate.

For such systems the use of a fluldized bed cooling
as a secondary coolant appllication system should
provide deslred high casting rates.

'~ For materlals requiring even higher casting
rates 1t 1s proposed in accordance with this
invention to utillize the fluidized bed coolant
application system 15 as a primary coolant system.
Referring now to Figures 4 and 5, an apparatus 10*
and process 1ln accordance with‘such an embodiment
of the invention will now be illustrated. In this
embodiment simllar elements of the apparatus 10'
have been glven corresponding reference nﬁmerals as
compared to the previous embodiment. Accordingly,
only the differences bétwéén the apparatus 10' of
thls embodiment and the appératus 10 as previously
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deScribed willl be dlscussed in detall. The b;ggest
difference, of course, 1s that there is no primary
gas coolant application manifold 52. Further, there
are'ho‘non-magnetic, non-conductive shields I
attached to the inductor 38 to seal against the
fluidized bed coolant application system 15.
Finally, the replenishment system 14 used for
replenishing the molten material as it 1s cast
comprises a particle type replenishment system 70
in place of the solid member 40. The arrangements
for powering the inductors 38 and 39 in this
embodiment are essentially the same as that described
in reference to the embodiment of Figures 1 to 3.
The replenishment system 70 which is 1llustrated in
Figure 4 employs particulate materials, however, any
desired replenishment system as, for example, the
same type of s0lld member feed system 1U4 as in Figure
5 or a molten materlal feed system (not shown) 1if

" desired could be used.

. The inductors 38 and 39 are secured at one end
of the lnner casting chamber 17 which is preferably
formed of a non-magnetic, non-conductive material
such as alumina. The inductors 38 and 39 in this
embodiment as in the previous one comprise an upper
inductor 39 having a flared out region for
suppdrping'a flared out sump 13 of molten material
and a lower inductor 38 having a very narrow zone
for shaping the materlal into the deslred thin strip
shape. The lower inductor 38 is flared outwardly
and downwardly so as to provide a very thin edge of
the indidctor adjacent the strip fofming section or
zone' of the mold. Thils flared out-design also
provides access for the fluldized bed 25 all the way
up to the casting zone 53 and if desired, even up
to the level of contact with the molten material
Just past the solidification front 75. The upper
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devel 76 -of the fluidized bed 25 at the casting zone

53 1s controlled by the pressure of the inert gas in
the inner casting chamber 17' which 1s flow directed
in opposition to the direction in which the inert
gas and particles are flowing in the fluldized bed
coolant system 15. Thils oppositely directed flow
can be provided in any desired manner.

One gas flow can be provided from the source of
inert gas 18 as in Figufe‘l through ceconduit C which
communicatés with the intermal casting chamber 17'.
Since the inductors 38 and 39 are effectively sealed
to the lnner walls 77 of the chamber 17' the only
path for the gas which flows into the chamber 17' is
downwardly between the molten material sump 13 and
the upper inductor 39 and then through the casting
zone 53 toward the fluldized bed 25. By properly
balancing the pressure of the inert gas 1in the
internal casting chamber 17' with the pressure'of the
lnert gas in the fluidized bed 25 it is possible to
control the height 76 of the fluidized bed at the
casting zone 53. This height can be controlled
either by controlling the pressure of the inert gas
in the internal casting chamber 17! or independently
controlling the pressure of the inert gas in the
fluldized bed chamber 22 or & combination thereof.

Preferably, it 1s controlled by controlling
the pressure of the gas 1n the internal casting
chamberrl7'. Therefore, it 1s controlled by a
control system 78 connected to electrically operated
valve 63. By adjusting this valve in a conventional
manner 1t 1s possible to control tﬁe amount of the
inert gas pressure in the internal casting chamber
17'.. "Therefore, 1{ the préSsure exerted by the
fluldlzed bed 25 inert gas is essentilally fixed it
is possible to control the level 76 to which the
fluldized bed coolant will risé in the casting zone
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53. |
| Altematively, if desired, the inert gas supplied
through conduit C can, be inltially used to flush the
system before start up. Thereafter, it can be
supplemented by means of & gas applicatien manifold
79 which directs the gas between the sump 13 of molten
material and the sump supporting inductor 39. The
pressure of the gas in the internal casting chamber
l7'icéh"then be controlled elther by controlling the
pregéure of the gas flowing from the manifold 79 or
by allowing the manifold to flow at a constant flow
and pressure and then controlling the combined gas
pressﬁre in}the internal chamber 17' by means of the
val#e 63. Altérnativeiy, a preset or electrically ’
opefated exhaust flow contrbl valve K' can be used
to regulate the pressure in the chamber 17'. If
electrically controlled, it would be connected to
the control system 78

Alternatively, the inert gas pressure in chamber
17' can be fixed and the pressure in bed chamber 22
varlied by changling the inert gas flow rate by means
of fan 19 whose speed is controlled by control system
80 as in Pigure 1. Finally, a combination of these
approaches could be employed.as desired.

As a further alternative, since it is possible
to employ the apparatus of this invention without an
internal chamber 17! the counter pressure for
regulating the height 76 of the bed at the casting
zone 53 could be provided solely by the gas flowing
from manifold 79 into the annulus between the
contalnment inductor 39 and the sump 13. With this
approach the pressure from the manifold 79 would be
contrelled by the control systém 78.

In operation pressurized cold inert gas is fed
into the annulus or_gap,betwéen the containment
inductor 39 and the levitated molten material sump
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13 at a pressure of py. 'The bed 25 1s fluldized from below at
a pressure p,. Py and pp interact in ‘_ché vicinity of the
narrowest annulus of the shaping inductor 38, namely, the casting
zone 53. 'Pl can be slightly higher than Py and provides a seal
against the fluldized bed 25. By adjusting as described above
the relative difference between p, &nd p,, the surface 76 of the
fluldlzed bed 25  can be moved upwards or downwards at will, as
the difference between P, and p, 1s elther decreased or increased,
respectively. This can provide a means for controlling the liquid
solid interface positim as an altermatlve to the arrangement of
the Yarwood et al. (3) patent. '

In operation the use of the differential gas presswre to
control the most upstream position of contact of the fluldized
bed would 1likely include flow of the inert gas for fluldizing
the bed into and through the annulus between the sump and the
Inductor. The coamter pressure exerted by the gas in the imer
chanber most likely serves to reduce the flow rate of the
flnldizing gas and thereby controls the position at which the
fluldization of the particles ends which position corresponds
to the most upstream position of the bed.

The particulate feed system 70 camprises a hopper 90 for
replenishment materdial In particulate form. The hopper 1s
located in the outer casting chamber 11 and 1s comected via a
conduit 91 which extends Into the lmner casting chamber 17'. The
cndrdt 91 or chute includes Internally thereof a helical screw
or spring type member 92 which feeds the particles from the supply
hopper 90 to the molten material sump 13. By rotating this
helical member 92 it 1s possible to control the addition of the
particles to the molten materidl sump 13 in a marmer so that the
number of partlicles added to the surp corresponds to the amount
of rotation of the helical member 92. In order to insure proper
feeding of the particles from the hopper 90 a vibrator 93 1s
utllized to vibrate the hopper. A motor 94 is camected to the
hellcal screw member 92 and is controlled by the eontrol system
43" in a manner similar to that déscribé'd in the previous
erbodiment. ‘Namely, as describéd above, an electrical paramter
correspanding about to the hydrostatic pressure of the molten
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material surp 13 1s sensed and in response thereto the helical
screw 92 is rotated a deslred amount or at a deslred rate 1n
arder to add solid particles to the molten materiel sump 13 at

a rate which will maintain the hydrostatic pressure substantlally
constant to provide a substantially constant height for the sump
13. ' .

As in the previous embodiment, the electromagnetic casting
system 12 and the irner chamber 17' are designed in a way so as
to present a minimm obstruetion to the gas flow for forming the
fluldized bed 25. This has been accomplished by making the width
of the fluldized bed 25 relatively great as camared to the width
of the casting statien 12. It 1s possible, however, that even
with these measures the casting mold 12 may sufficiently alter
the flow pattern of the fluldized bed dwe to its effect as an
obstruetion that it will not be possible to get sufficlent
activity of the fluldized bed 25 all the way up to the casting
zone 53. In order to overcome this difficulty, it is proposed to
augment the cooling effectiveness of the fluldized bed 25 in the
region of the casting zone 53. This is accomplished
by providing flow enhancing means 54 which can
enhance the flow of the fluidized bed 25 into the
inverted "V"-shaped cavity defined by the inductor
38 so that the bed 25 can reach and contact the
strlp S at the casting zone 53.

Referring to Figure 4, this is accomplished
through the use of sound generators 55 and 56
which generate sound waves 100 moving in the
directlion so as to impact the strip S near the
casting zone 53. In the embodiment of Figure 4,
the transducers 55 and 56 which generate the
sound waves 100 are located at the bottom
outer corner of the fluidized bed chamber 35. In
thls manner they will pose a minimum obstruction to
the flow of gas through the flutdized bed 25.

Alternatively, in place of sound gener-
ators 55 an@ 56 directing sound waves in the
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general direction of the casting zone 53 a more
focused beam of sound waves 100" can be provided
as in Figure 6. In this~embodimént, the sound wave
generators 55' and 56', which preferably generate
ultrasound waves, are located Just below the lower
inductor 38 and they provide a focused beam of
ultrasound impacting the material being cast S at the
casting zone 53. As positioned, the transducers which
make up the generators 55! and 56' would be subject
only to heat radiation on the front surface and could
be adequately cooled by any desired means (not shown)
as, for example, a water cooling coll attached to the
back of the transducers. In this embodiment a stream
of suspended.particles can be directed against thé
strip S and molten material surface if desired due to
the focused effect of the ultrasonic beam. '

The ultrasonic generators 55' and 56' can
comprise any desired well-known ultrasonic
generating device including nlckel-stack magneto-
striction transducers or a plezoelectric transducer
as, for example, the Mullard PXE ceramic element.

The sound waves may be of any desired frequency and
may be generated in any deslired manner. For lower
frequencles an acoustical speaker llke device could
be employed, e.g., a moving coll and diaphram
arrangement. Sound waves having a frequency from
about 10 hertz to about 15 megahertz should be
employable for providing the deslred flow enhancement.
Preferably, the frequency which 1s selected 1s low
enough to accelerate the particles to provide the
desired directional enhancement.

Sound waves 100 or 100* represent a preferred
approach for enhancing the cooling effect in the
"V"~shaped cavlty formed by the lower inductor 38.
Howewver, othér_approachés as shown 1n Filgures 7 and
8 could also be employed. 'In Figure 7, small fans
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105 are employed to provide a preferred flow
direction ‘for the fluldlzed bed 25 so that the bed
will be efficlently operative in the casting zone
region 53. In accordance with the embodiment of
Figure 8, in place of fans 105 gas jJets 106 are
generally directed towards the castlng zone reglon
53 to provide the enhancement of the fluidized bed
25 action in that region. The gas flow created by
the fans 105 or Jets 106 must be limited in a2 manner
so as not to des%roy the fluildized character of the
bed. Therefore, the flow rates should be selected
as desired in a manner to provlide flow enhancement
without destroylng the fluldlzed nature of the beq;

While this invention has been described with
particular reference to the use of electromagnetic
casting it is possible to employ the fluldized bed
coolant application system 15 of this invention with
other types of casting apparatuses and processes,
particulariy those of a continuous or semli-continuous
nature such as direct chill casting. While the
inventlon has been described to be particularly
applicable for the casting of thin strip shapes 1t
could be employed 1f deslired with other shapes and
with relatively thicker materials. Thin strlp shapes
in accordance with the present inventlon preferably
refer to strip thicknesses up to about .150" and
most preferably up to about .1". ,

The present invention when employing electro-
magnetlc casting is applicable to the full range of
materials to which such a System can be applled and,
in particular, it i1s applicable to materials which
are electrically conductive in the molten state.
Preferably, it i1s appiied‘to'metals, metalloids,
semt-conductors, alloys, etc. Tt has particular

applicatlon to materials such as silicon and germanium

as well as to reactive metals and alloys.

o ————————————
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The term casting zone 53 as employed in this
application refers generally to the contalmment and
shaping region defined by the inductor 38. The
coolant application zone can extend over the whole
casting zone 53 or it can be limited to only the
solidified surface of the casting S or in any manner
desired.

The particle sizes of the fluidized bed partlcles
and the flow rates of the inert gas for fluldilzing
the particles may be set as desired in accordance
with well-known principals as evidenced by the prior
art noted in the background of this applicatilon.
Accordingly, any desired conventional particle size
or gas flow rate could be used in accordance with
the present invention.

While the invention has been described utlllizing
a counter gas pressure created by the manifold 79 or
inner chamber 17 or 17' it 1s possible to operate the
apparatus of the present invention without any counter
gas pressure for sealing the flulidlzed bed at the
casting zone. In such an approach the height or
position.at which the top surface of the fluidigzed
bed in the casting zone would be determined solely by
the pressure of the fluldizing gas and there would be
flow of the fluldizing gas through the annulus
between the sump and the sump supporting inductor.

It is apparent that there has been provided in
accordance with this inventlion an apparatus and
process for cooling and solldifying continuous or
semli-continuously cast material which fully satisfies
the objects, means and advantages set forth herein-

- before., While the inventlon has been described in

combination with specific embodiments thereof, it
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is evident that many alternatives, modiflcatlons
and variations will be apparent to those skilled in
the art in light of the forégoing description.
Accordingly, it 1s intended to embrace all such
alternatives, modifications and variations as fall -

within the spirit and broad scope of the appended
claims.
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Claims

1. An apparatus for casting a material, comprising:

means for casting said material, said casting means
defining a casting zone;

means for applying a fluidized bed of particles to
cool said material; and

means for enhancing a flow of said fluidized bed

toward said casting zone.

2. An apparatus as in claim 1, wherein said means
for applying a fluidized bed of particles to cool said
material comprises inert particles and inert gas means

for fluidizing said particles.

3. An apparatus as in claim 1 or 2, wherein said
means for casting said material comprises electromagnetic
means for containing and forming said material into a
desired casting shape.

4. An apparatus as in any of claims 1 to 3 wherein
said coolant applicant means comprises a secondary cooling
system and further including primary means for cooling
said molten material to form a solidified shell of said
casting and wherein said secondary cooling system
applies said fluidized bed of particles to said solidi-

fied shell of said casting following said primary cooling
means.

5. An apparatus as in any of claims 1 to 3 wherein
said coolant application means comprises a primary means

for cooling said molten material to form a solidified
shell of said casting.
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6. An apparatus as in any of claims 1 to 5 wherein
said electromagnetic means has a desired width transverse
to a direction of said casting and wherein said means
for applving said fluidized bed has a width in said
transverse direction substantially greater than the
width of said electromagnetic means, whereby said
electromagnetic means provides a reduced obstruction
to a gas flow from said fluidized bed.

7. An apparatus as in any of claims 1 to 6 further
including means for cooling said fluidized bed of

particles during operation of said means for applying
said fluidized bed.

8. An apparatus as in any of claims 1 to 7 wherein
said flow enhancing means comprises means for generating
sound waves moving toward said casting zone.

9. An apparatus as in any of claims 1 to 7 wherein
said flow enhancing means comprises means for providing
a gas flow for enhancing the flow of said fluidized bed
toward said casting zone, said enhancing gas flow being

distinct from a gas flow for fluidizing said bed.

10. An apparatus as in claim 8 wherein said
sound waves comprise ultrasonic waves.

11. An apraratus as in clalm 8 wherein said
sound wave generators are lecated a substantial
distance away from sald casting zone so as not to

interfere with a gas flow for fluldizing said particles
of sald bed.
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12. An apparatus as in clailm 8 wherein said
generators are located close to sald casting zone
and wherein said génerators provide a focused pattern
of sound waves directed at said casting zone,

13. A process for casting a material, comprising:

casting said material in a casting zone;
applying a fluidized bed of particles to cool said
material; and

enhancing a flow of said fluidized bed toward said
casting zone.

14. A process as in claim 13, wherein said step of
applying said fluidized bed of particles comprises pro-
viding inert particles and fluidizing said particles with
an inert gas flow.

15. A process as in claim 13 or 14 wherein said
casting step comprises electromagnetically containing

and forming said material into a desired casting shape.

16. A process as in any one of claims 13 to 15
wherein said coolant application step comprises a secondary
coolant application step and further including a primary
step for cooling said molten material to form a solidified
shell of said casting and wherein said secondary cooling
step applies said fluidized bed of particles to said
solidified shell of said casting following said primary
cooling step.

17. A process as in any one of claims 13 to 15
wherein said coolant application step comprises a primary
step for cooling said molten material to form a solidified
shell of said casting.
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18. A process as in any one of claims 13 to 17
further including the step of cooling said fluidized
bed of particles during said step of applying said ﬁ
fluidized bed.

19. A process as in any one of claims 13 to 18
wherein said flow enhancing step comprises generating
sound waves moving toward said casting zone.

20. A process as in any one of claims 13 to 18
wherein said flow enhancing step comprises providing a
gas flow for enhancing the flow of said fluidized bed
toward said casting zone, said enhancing gas flow being
distinct from a gas flow for fluidizing said bed.

21. A process as in claim 19 wherein said
generztor generates sound waves having a frequency

selected to accelerate said particles toward said
casting zone.

22. A process as in claim 21 wherein said sound
waves comrrise ultrasonic waves.

23. A process as in claim 19 wherein said
generating step corprises generating a focused pattern
of sound waves directed at sald casting zone.
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