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) {57) Abstract: A methed of producing on-demand, semi-solid material for a casting process. A metal alloy is heated to a molten
state which is maintained within a desired temperature range. A portion of the moiten alloy is transferred into a processing vessel
“~~ {42} that includes its own cooling arrangement to facilitate cooling of the vessel (42) and the molten alloy contained therein. A
thermal jacket may aiternalively be used to facilitate such cooling. A stator (44) creates an electromagnetic field which is applied
to the molten alloy to create a stirring action that results in a desired flow pattem of the molten alloy. The electromagnetic stirring
begins as soon as the molten alloy is placed in the vessel (42) and continues while the cooling continues in order to create a slurry
billet of the desired metallurgical composition. The slurry billet is then discharged from the vessel (42) directly into a shot sleeve

0 01/91

(32} of a casting machine.
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PRODUCTION OF ON-DEMAND SEMI-SOLID MATERIAL FOR CASTINGS

REFERENCE TO RELATED APPLICATION
The present application is a continuation-in-part patent application of co-
pending patent application entitled PROCESS FOR SEMI-SOLID CASTING OF
METALS, U.S. Serial No. 09!250;824, filed February 17, 1999, presently pending.

BACKGROUND OF THE INVENTION

The present invention relates in general to an apparatus which is
constructed and arranged for producing an “on-demand” semi-solid material for
use in a casting process. Included as part of the overall apparatus are various
stations which have the requisite components and structural arrangements which
are to be used as part of the process. The method of producing the on-demand
semi-solid material, using the disclosed apparatus, is included as part of the present
invention.

More specifically, the present invention incorporates electromagnetic
stirring and various temperature control and cooling céntrol techniques and
apparatuses to faciIiI;.ate the production of the semi-solid material within a
comparatively short cycle time. Also included are structural arrangements and
techniques to discharge the semi-solid material directly into a casting machine shot
sleeve. As used herein, the concept of “on-demand” means that the semi-solid
material goes directly to the casting step from the vessel where the materiai is
produced. The semi-solid material is typically referred to as a “slurry” and the slug
which is produced as a “siﬁgle shot” is also referred to as a billet. These terms
have been combined in this disclosure to represent a volume of slurry which
corresponds to the desired single shot billet.

Semi-solid forming of light metals for net-shape and near-net shape

manufacturing can produce high strength, low porosity components with the
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economic cost advantages of die casting. However, the semi-solid molding (SSM)
process is a capital intensive proposition tied to the use of metal purchased as pre-
processed billets or slugs.

Parts made with the SSM process are known for high quality and strength.
SSM parts compare favorably with those made by squeeze casting, a variation of
die casting that uses large gate areas and a slow cavity fill. Porosity is prevented by
slow, non-turbulent metal velocities (gate velocities between 30 and 100 in./sec.)
and by applying extreme pressure to the part during solidification. Both squeeze
casting and SSM processes produce uniformly dense parts that are heat-treatable.

SSM offers the process economics of die casting and the mechanical
properties that approach those of forgings. In addition, SSM capitalizes on the
non-dendritic microstructure of the metal to produce parts of high quality and
strength. SSM can cast thinner walls than squeeze casting due to the globular
alpha grain structure, and it has been used successfuily with both aluminum and
magnesium alloys. SSM parts are weldable and pressure tight without the need for
impregnation under extreme pressure that characterizes the squeeze-cast process.

The SSM process has been shown to hold tighter dimensional capabilities
than any other aluminum molding process. That has intensified demand for SSM
components due to the potential for significant cost savings, reduction of
machining, and quicker cycle times for higher production rates. Besides high
strength and minimal porosity, SSM parts exhibit less part-to-die shrinkage than
die cast parts and very little warpage. It produces castings that are closer to the
desired net shape, which reduces and can even eliminate secondary machining
operations. Surface finishes on the castings are often better than the iron and steel
parts they replace.

The SSM process requires higher final mold pressure (15,000 to 30,000 psi)
than conventional die casting (7,000 to 12,000 psi), but modern die casting
equipment provides the flexibility needed to produce SSM parts efficiently and
economically. Real-time, closed-loop hydraulic circuits incorporated into today’s
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die casting machines can automatically maintain the correct fill velocities of the
SSM material alloy. Closed-loop process control systems monitor metal
temperature and time, voltage feedback from electrical stator and other data to
provide a very robust and precisely controlled operation that can maximize
productivity of high quality parts and ensure reproducibility.

As described, it is well known that semi~soli;i meial slurry can be used to
produce products with high strength and low porosity at net shape or near net
shape. However, the viscosity of semi-solid metal is very sensitive to the slurry’s
temperature or the corresponding solid fraction. In order to obtain good fluidity at
high solid fraction, the primary solid phase of the semi-solid metal should be nearly
spherical.

In general, semi-solid processing can be divided into two categories;
thixocasting and rheocasting. In thixocasting, the microstructure of the solidifying
alloy is modified from dendritic to discrete degenerated dendrite before the alloy is
cast into solid feedstock, which will then be re-melted to a semi-solid state and cast
into a mold to make the desired part. In rheocasting, liquid metal is cooled to a
semi-solid state while ifs microstructure is modified. The slurry is then formed or
cast into a mold to produce the desired part or parts.

The major barrier in rheocasting is the difficulty to generate sufficient
slhurry within preferred temperature range in a short cycle time. Although the cost
of thixocasting is higher due to the additional casting and remelting steps, the
implementation of thixocasting in industrial production has far exceeded
theocasting because semi-solid feedstock can be cast in large quantities in separate
operations which can be remote in time and space from the reheating and forming
steps. )

In a semi-solid casting process, generally, a slurry is formed during
solidification consisting of dendritic solid particles whose form is preserved.
Initially, dendritic particles nucleate and grow as equiaxed dendrites within the
molten alloy in the early stages of slurry or semi-solid formation. With the
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appropriate cooling rate and stirring, the dendritic particle branches grow larger
and the dendrite arms have time to coarsen so that the primary and secondary
dendrite arm spacing increases. During this growth stage in the presence of
stirring, the dendrite arms come into contact and become fragmented to form
degenerate dendritic particles. At the holding temperature, the particles continue to
coarsen and become more rounded and approach an ideal spherical shape. The
extent of rounding is controlled by the holding time selected for the process. With
stirring, the point of “coherency” (the dendrites become a tangled structure) is not
reached. The semi-solid material comprised of fragmented, degenerate dendrite
particles continues to deform at low shear forces. The present invention
incorporates apparatuses and methods in a novel and unobvious manner which
utilize the metaliurgical behavior of the alloy to create a suitable slurry within a
comparatively short cycle time.

When the desired fraction solid and particle size and shape have been
attained, the semi-solid material is ready to be formed by injecting into a die-mold
or some other forming process. Primary aluminum (alpha) particle size is
controlled in the process by limiting the slurry creation process to temperatures
above the point at which solid alpha begins to form and alpha coarsening begins.

It is known that the dendritic structure of the primary solid of a semi-solid
alloy can be modified to become nearly spherical by introducing the following
perturbation in the liquid alloy near liquidus temperature or semi-solid alloy:

1) Stirring: mechanical stirring or electromagnetic stirring;

2) Agitation: low frequency vibration, high-frequency wave, electric

shock, or electromagnetic wave;

3) Equiaxed Nucleation: rapid under-cooling, grain refiner;

4) Oswald Ripening and Coarsening: holding alloy in semi-solid

temperature for a long time.
While the methods in (2)-(4) have been proven effective in modifying the
microstructure of semi-solid alloy, they have the common limitation of not being
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efficient in the processing of a high volume of alloy with a short preparation time
due to the following characteristics or requirements of semi-solid metals:

e High dampening effect in vibration.

e Small penetration depth for electromagnetic waves.,

* High latent heat against rapid under-cooling.

e Additional cost and recycling problem to add grain refiners.

e Natural ripening takes a long time, precluding a short cycle time.
‘While most of the prior art developments have been focused on the microstructure
and rheology of semi-solid alloy, temperature control has been found by the present
inventors to be one of the most critical parameters for reliable and efficient semi-
solid processing with a comparatively short cycle time. As the apparent viscosity
of semi-solid metal increases exponentially with the solid fraction, a small
temperature difference in the alloy with 40% or higher solid fraction results in
significant changes in its fluidity. In fact, the greatest barrier in using methods (2)-
(4), as listed above, to produce semi-solid metal is the lack of stirting. Without
stirring, it is very difficult and likely impossible to make alloy slurry with the
required uniform temperature and microstructure, especially when the there is a
requirement for a high volume of the alloy. Without stirring, the only way to
heat/cool semi-solid metal without creating a large temperature difference is to use
a slow heating/cooling process. Such a process often requires that multiple billets
of feedstock be processed simultaneously under a pre-programmed furnace and
conveyor system, which is expensive, hard to maintain, and difficult to control.

While using high-speed mechanical stirring within an annular thin gap can
generate high shear rate sufficient to break up the dendrites in a semi-solid metal
mixture, the thin gap becomes a limit to the process’s volumetric throughput. The
combination of high temperature, high corrosion {e.g. of molten aluminum alloy)
and high wearing of semi-solid slurry also makes it very difficult to design, to

select the proper materials and to maintain the stirring mechanism.
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Prior references disclose the process of forming a semi-solid slurry by
reheating a solid billet, formed by thixocasting, or directly from the melt using
mechanical or electromagnetic stirring. The known methods for producing semi-
solid alloy slurries include mechanical stirring and inductive electromagnetic
stirring. The processes for forming a slurry with the desired structure are
controlled, in part, by the interactive influences of the shear and solidification rates.

In the early 1980’s, an electromagnetic stirring process was developed to
cast semi-solid feedstock with discrete degenerate dendrites. The feedstock is cut
to proper size and then remelt to semi-solid state before being injected into mold
cavity. Although this magneto hydrodynamic (MHD) casting process is capable of
generating high volume of semi-solid feedstock with adequate discrete degenerate
dendrites, the material handling cost to cast a billet and to remelt it back to a semi-
solid composition reduces the competitiveness of this semi-solid process compared
to other casting processes, e.g. gravity casting, low-pressure die-casting or high-
pressure die-casting. Most of all, the complexity of billet heating equipment, the
slow billet heating process and the difficuities in billet temperature control have
been the major technical barriers in semi-solid forming of this type.

The billet reheating process provides a slurry or semi-solid material for the
production of semi-solid formed (SSF) products. While this process has been used
extensively, there is a limited range of castable alloys. Further, a high fraction of
solids (0.7 to 0.8) is required to provide for the mechanical strength required in
processing with this form of feedstock. Cost has been another major limitation of
this approach due to the required processes of billet casting, handling, and
reheating as compared to the direct application of a molten metal feedstock in the
competitive die and squeeze casting processes.

In the mechanical stirring process to form a slurry or semi-solid material,
the attack on the rotor by reactive metals results in corrosion products that
contaminate the solidifying metal. Farthermore, the annulus formed between the

outer edge of the rotor blades and the inner vessel wall within the mixing vessel
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results in a low shear zone while shear band formation may occur in the transition
zone between the high and low shear rate zones. There have been a number of
electromagnetic stirring methods described and vsed in preparing slurry for
thixocasting billets for the SSF process, but little mention has been made of an
application for rheocasting.

The rheocasting, i.e., the production by stirring of a liquid metal to form
semi-solid slurry that would immediately be shaped, has not been industrialized so
far. It is clear that theocasting should overcome most of limitations of
thixocasting. However, in order to become an industrial production technology,
i.e., producing stable, deliverable semi-solid slurry on-line (i.e., on-demand)
rheocasting must overcome the following practical challenges: cooling rate control,
microstructure control, nniformity of temperature and microstructure, the large
volume and size of slurry, short cycle time control and the handling of different
types of alloys, as well as the means and method of transferring the slurry to a
vessel and directly from the vessel to the casting shot sleeve.

One of the ways to overcome the above challenges, according to the present
invention, is to apply electromagnetic stirring of the liquid metal when it is
solidified into semi-solid ranges. Such stirring enhances the heat transfer between
the liquid metal and its container to control the metal temperature and cooling rate,
and generates the high shear rate inside of the liquid metal to modify the
microstructure with discrete degenerate dendrites. It increases the uniformity of
metal temperature and microstructure by means of the molten metal mixture. With

a careful design of the stirring mechanism and method, the stirring drives and

-.controls a large volume and size of semi-solid slurry, depending on the application

requirements. The stirring helps to shorten the cycle time by controlling the
cooling rate, and this is applicable to all type of alloys, i.e., casting alloys, wrought
alioys, MMC, etc.

‘While propeller type, mechanical stirring has been used in the context of

making a semi-solid slurry, there are certain problems or limitations. For example,
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the high temperature and the corrosive and high wearing characteristics of semi-
solid slurry, makes it very difficult to design a reliable slurry apparatus with
mechanical stirring. However, the most critical limitation of using mechanical
stirring in rheocasting is that its small throughput cannot meet the requirements
production capacity. It is also known that semi-solid metal with discrete
degenerated dendrite can also be made by introducing low frequency mechanical
vibration, high-frequency ultra-sonic waves, or electric-magnetic agitation with a
solenoid coil. While these processes may work for smaller samples at slower cycle
time, they are not effective in making larger billet because of the limitation in
penetration depth. Another type of process is solenocidal induction agitation,
because of its imited magnetic field pepetration depth and unnecessary heat
generation, it has many technological problems to implement for productivity.
Vigorous electromagnetic stirring is the most widely used industrial process
permits the production of a large volume of slurry. Importantly, this is applicable
to any high-temperature alloys. The present invention, which focuses on the
apparatuses and methods of delivering a semi-solid slurry on demand, employs the
use of multipie-pole stators.

Two main variants of vigorous electromagnetic stirring exist, one is termed
“rotary” stator stirring due to the rotary flow pattern of the alloy within the vessel.
The other is termed “linear” stator stirring due to the up and down flow loop of the
alloy within the vessel. With rotational or rotary stator stirring, the molten metal is
moving in a quasi-isothermal plane, therefore, the degéneration of dendrites is
achieved by dominant mechanical shear. U.S. Patent No. 4,434,837, issued March
6, 1984 to Winter et al., describes an electromagnetic stirring apparatus for the
continuous making of thixotropic metal slurries in which a stator having a single
two pole arrangement generates a non-zero rotating magnetic field which moves
transversely of a longitudinal axis, The moving magnetic field provides a magnetic
stirring force directed tangentially to the metal container, which produces a shear

rate of at least 50 sec™ to break down the dendrites. With linear stator stirring, the
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slurries within the mesh zone are re-circulated to the higher temperature zone and
remelted, therefore, the thermal processes play a more important role in breaking
down the dendrites. U.S. Patent No. 5,219,018, issued June 15, 1993 to Meyer,
describes a method of producing thixotropic metallic products by continuous
casting with polyphase current electromagnetic agitation. This method achieves
the conversion of the dendrites into nodules by causing a refusion of the surface of
these dendrites by a continuous transfer of the cold zone where they form towards a
hotter zone.

A part formed according to this invention will typically have equivalent or
superior mechanical properties, particularly elongation, as compared to castings
formed by a fully liquid-to-solid transformation within the mold, the latter castings

having a dendritic structure characteristic of other casting processes.
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SUMMARY OF THE INVENTION

A method of producing on-demand, sermi-solid material for a casting
process according to one embodiment of the present invention comprises the steps
of first heating a metal alloy until it reaches a molten state, transferring an amount
of the molten alloy into a vessel, cooling the molten alloy in the vessel, applying an
electromagnetic field to the molten alloy in the vessel for creating a flow pattern of
the molten alloy while the cooling continues in order to create a slurry billet and
then transferring the slurry billet directly into a shot sleeve of a die casting
machine. Another embodiment of the present invention discloses an apparatus for
producing on-demand, semi-solid material for a casting process. This apparatus
comprises a vessel which is constructed and arranged for receipt of an amount of
molten alloy, means for moving the vessel between a forming station and a
discharge location, a stator which is constructed and arranged for effecting
electromagnetic stirring of the molten alloy, the vessel being positioned within the
stator and cooling means for lowering the temperature of the amount of molten
alloy which is placed in the vessel while the electromagnetic stirring is performed
so as to produce a slurry billet within a comparatively short cycle time which is less
than three minutes.

One object of the present invention is to provide an improved method of
producing on-demand, semi-solid material for a casting process.

Another object of the present invention is to provide an improved apparatus
for producing on-demand, semi-solid material for a casting process.

Related objects and advantages of the present invention will be apparent

from the following description.
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BRIEE DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic process flow diagram detailing a prior art process
for forming non-dendritic material.

FIG. 2 is a diagrammatic, side elevational view of a die casting machine
constructed and arranged for casting of a semi-solid material.

FIG. 2A is a diagrammatic, top plan view of the components and the layout
of those components for the casting of a semi-solid material according to the
present invention.

FIG 2B is a diagramnatic, front elevational view of a stator, vessel, and cap
comprising part of the FIG. 2A components according to the present invention.

FIG. 3 is a diagrammatic, front elevational view of a vessel and stator
arrangement for producing a semi-solid billet of material according to the present
invention.

FIG. 4 is a photomicrograph of a globular grain structure at a magnification
of 200X.

FIG. 5 is a flow chart detailing the various steps and stages of a process for
producing a semi-solid material for castings according to the present invention.

FIG. 6 is a perspective view of one vessel design for use as part of the FIG.
5 process and cooperating apparatus.

FIG. 7 is a perspective view of a support structure for a vessel, solenoid
coil, stator, and thermal jacket according to one embodiment of the present
invention.

FIG. 8 is a perspective, exploded view showing the movement of the vessel
from the solenoid coil into the thermal jacket according to the present invention.

FIG. 9 is a perspective view of the FIG. 7 thermal jacket.

FIG. 10is a perspecﬁvé view of the FIG. 7 vessel and solenoid coil after a

slurry billet has been produced within the vessel.
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FIG. 11 is a perspective view of the FIG. 10 vessel and solenoid coil being
tilted for discharge of the slurry billet.
FIG. 12 is a perspective view of a two-piece vessel, stator, and thermal
jacket according to another embodiment of the present invention.
5 FIG. 13 is a perspective view of the FIG. 12 two-piece vessel after a slurry
billet has been produced within the vessel.
FIG. 14 is a perspective view of the FIG. 13 arrangement showing the
opening of the two-piece vessel and the discharge of the slurry billet.
FIG. 15 is a diagrammatic, front elevational view of a vessel and stator
10 arrangement according to the present invention showing the stirring pattern of the

alloy within the vessel.

15
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DESCRIPTION OF THE PREFERRED EMBODIMENT

For the purposes of promoting an understanding of the principles of the
invention, reference will now be made to the embodiment illustrated in the
drawings and specific language will be used to describe the same. It will
nevertheless be understood that no limitation of the scope of the invention is
thereby intended, such alterations and further modifications in the illustrated
device, and such further applications of the principles of the invention as illustrated
therein being contemplated as would normally occur to one skilled in the art to
which the invention relates.

Referring to FIG. 1 there is illustrated a prior art process for forming non-
dendritic material wherein liquid molten metal alloy 10 is fed into a mold 12 that is
surrounded by an electrical stator 14 that applies a rotating electromagnetic field to
the metal alloy as it solidifies in mold 12. This causes rotational movement of the
alloy 10 as it begins to solidify in the mold, and in this particular example the
direction of rotation is about the vertical axis. This stirring causes the
microstructure of the alloy to change from dendritic to globular and, as it exits the
mold, it is cooled by means of a water jacket to thereby completely solidify the
alloy into a billet 16. The raw billet 16 is then cut into a plurality of slugs 18 in
order to obtain the desired unit of material.

The electromagnetic stirring causes a type of shearing of the alloy in its
semi-solid state so that the microstructure of the primary solid phase would change
from typical dendrites into rounded particles suspended in the liquid eutectic phase.
It is well known that the rheological properties of the suspension system will
change with the thermal and shearing history due to the microstructure evolution.
As a result, the measured apparent viscosity of semi-solid metal exhibits
thixotropic and shear thinning characteristics.. In the case of the FIG. 1
arrangement, before the solidified billets 16 or slugs 18 can be processed, they need

to be transported to a processing station where they are reheated, for example by an
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induction heater 20, back to a semi-solid form, placed in the die casting machine
22, and injected into the mold 24 by means of injection mechanism 26. The
reheated, semi-solid form has a primary phase which remains in the form of solid
particles and the eutectic phase melts. Since the viscosity of the semi-solid metal is
relatively higher than that of liquid metal, its flow into the die cavity (i.e., mold) is
typically laminar, which is preferred in order to avoid trapped air or the associated
oxide in the part. Because of its high solid fraction, semi-solid metal has small
shrinkage when it solidifies in the die. As a result, parts made with semi-solid
metal have higher strength, better leak tightness, and improved near net shape,
when compared with liquid-metal casting processes. Due to the temperature
sensitivity of semi-solid alloy and the importance of its viscosity, one of the major
challenges of any suitable process is to be able to control the temperature of the
alloy and the rate of heat transfer. Another significant concem or disadvantage of
the semi-solid process, as illustrated in FIG. 1, is the price premium paid in order
to cast and then to remelt billets with degenerated dendritic structure.

Referring now to FIG. 2, there is illustrated a die casting machine 28,
comprising a mold 30, shot sleeve 32, injection ram 34, and clamps 36. Molten
aluminum alloy is poured from a vessel 38 into an electro-magnetic stirring
mechanism 40 comprising a vessel 42 surrounded by an electrical stator 44. Stator
44 is constructed and arranged to create a magnetomotive force to induce a flow
pattern in the molten alloy. This flow pattern typically includes rotation of the
alloy about a vertical axis. The lower end of transfer 42 is closed by means of a
removable plug or gate 46. Vessel 42 is positioned directly over the pour hole 48
of shot sleeve 32 such that the exit opening of vessel 42 registers with pour hole
48.

The vigorousness of the stirring of the metal within vessel 42 and the rate
of cooling is carefully controlled so that proper grain structure is achieved as the
metal solidifies into a semi-solid state. Since cooling of the alloy occurs while the

alloy is being stirred, the cooling rate and shear rate become critical parameters.
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Once the desired degenerated, dendritic structure is achieved with the desired
molding temperatures, the semi-molten metal is discharged through pour hole 48
into shot sleeve 32, and ram 34 is advanced to inject the semi-solid metal into the
cavity 50 of mold 30. The residence time (and cooling rate) of the semi-solid metal
within vessel 42 is correlated to the cycle time of die casting machine 28 so that the
cycle time can be minimized. Additionally, the cooling rate control governs the
amount of metal which will be prepared, as required for the mold size. For
example, if the cycle time for injecting a certain size shot is forty seconds and the
desired residence time of the molten material within vessel 42 prior to injection is
thirty seconds, then molten metal 10 will be poured into vessel 42 thirty seconds in
advance of the time for the next shot.

If the residence time in the vessel 42 necessary to achieve the proper grain
size and structure is longer than the cycle time of the die casting machine, two or
more vessels 42 can be utilized and sequentially discharged into the die casting
machine. The concern which might call for a plurality of vessels relates, in part, to
the amount of semi-solid metal and the amount of latent heat which needs to be
removed, all within the press cycle time. If the amount of semi-solid metal is so
high that there is not sufficient residence time to remove the necessary heat, then
using a plurality of vessels is one solution.

In FIG. 2A, an alternative embodiment to what is disclosed in FIG. 2 is
illustrated. In FIG. 2A, a furnace 41 provides the supply of molten metal alloy for
use in a die casting process. A ladle 43 is used to transfer a volume of molten alloy
to vessel 45 which is located within stator 47, A robotic arm 49 with a range of
motion, controlled by robotic control 51, is used to move the ladle to the vessel.
The stator 47 is configured so as to create a magnetomotive force to produce a flow
pattern in the molten alloy. In this regard one contemplated option (see FIG. 2B) is
to provide a closing cap 53 for the vessel in order to prevent splash out or spitting
of the alloy while being stirred. The use of a closing cap also permits the use of an

inert gas to be captured above the slurry so as to reduce the risk of contamination
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due to the formation of oxide impurities or the like. A thermocouple 55 is inserted
through the cap so as to be placed into the molten alloy in order to monitor and
measure the molten alloy temperature within vessel 45. The closing cap 53 is
preferably fabricated out of a non-metallic material, such as a refractory material or
out of a metallic material, such as stainless steel, with corrosion-resistant coating.

The heat of the molten metal alloy is removed by means of natural air
convection, or by forced air convection, or by the use of thermal jacket which is
clamped around the vessel. The choice as to which cooling arrangement may be
desired depends in part on the alloy, the design of the vessel, and the volume of
molten alloy which is to be processed. As before with the FIG. 2 arrangement, the
cooling rate and shear rate of the alloy within vessel 45 is carefully controlied in
order to obtain a degenerated dendritic structure, the preferred structure for the die
casting of parts according to the present invention, and to reach the molding
temperature within a relatively short cycle time. At this stage in the process, the
semi-solid alloy is transferred into the shot sleeve 59 of die casting machine 61.
The robotic arm 49 is designed for use in this transferring step. By controlling the
cooling rate of the alloy within vessel 43, it is possible to ensure that the required
amount of semi-solid alloy will be prepared.

The FIG. 3 embodiment is based upon the structure illustrated in FIG. 2 and
provides additional details regarding the electro-magnetic stirring mechanism 40.
Included as part of mechanism 40 is a barre] 52, end plates 54 and 56 having
respective inlet and outlet openings 58 and 60, and a pair of plugs 62 and 64. The
electro-magnetic stirring mechanism 40 uses the electrical load (volts) feedback
from the stator 44 to determine the velocity of the semi-solid metal slurry during
stirring. Another option is to use the temperature measurement (see FIG. 2B) from
the thermocouple to control the stirring rate. The non-contact stirring mechanism
40 is very efficient and offers simple control over flow rate. In addition,
maintenance requirements for the mechanism are minimal. The size of the mold

and of the stator are dependent on the total shot weight of the part being produced.
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With continued reference to FIG. 2B, the illustrated embodiment is based
upon the structure diagrammatically illustrated in FIG. 2A. FIG. 2B illustrates one
arrangement according to the present invention for generating a semi-solid slurry.
Included as part of the FIG. 2B arrangement is vessel 45, stator 47, and a closing
cap 53 which receives a cooperating thermocouple 55. An alternative type of
thermal sensor can be used in lien of the thermocouple 55. Clamped around vessel
435 is thermal jacket 63. In this embodiment, the electromagnetic field due to the
stator is controlled by the alloy’s temperature which is used as a feedback signal in
order to achieve vigorous mixing and sufficient shearing. With appropriate cooling
and stirring control, the alloy’s cooling rate can be controlled robustly in order to
meet a wide range of processing requirements with different alloys, shot sizes,
cycle time, and delivery temperatures with minimum nonp-uniformity in
microstructure and temperature distribution. As used herein, the term “robustly” is
intended to encompass the capability of using the same techniques to process a
wide range of alloys for a wide range of parts with the same degree of control and
preciseness in the final composition of the slurry and in the finished part.

The use of a closing cap, such as cap 53, in combination with the vessel,
such as vessel 45, represents one feature of the present invention and one option for
use in the processing of the molten alloy into a slurry billet. The use of a closing
cap, such as cap 53, permits a relatively fast rate of stirring of the molten alloy at
the time stirring is initiated, which should be as soon as the alloy is poured into the
vessel. Due to the viscosity of the molten alloy at this early stage, a relatively fast
rate of stitring could allow the alloy to splash out or spit and thus the reason for
closing cap 53. Once the molten alloy begins to cool and its viscosity increases,
the rate of stirring continues until such time as the stirring rate (i.e., speed) needs to
be reduced in order to obtain higher torque due to the viscous nature of the slurry.
If the closing cap is not used, then the initial rate or speed of stirring needs to be set
at a lower or slower level so that the molten alloy will not spiash out or spit. As

the molten alloy begins to cool and its viscosity increases, the stirring speed will
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gradually ramp up to a higher level and then be maintained at this level nntil the
shurry becomes so viscous that added torque is needed to effect stirring and thus the
speed is reduced.

EXAMPLE 1

A 15 pound ingot of 356 aluminum was melted in a furnace at increasing
increments of 100° F. until the alloy was in a molten state at a temperature of
1220°F. The molten alloy was then poured into a mold or transfer vessel 40
surrounded by an electrical stator (Delco 114521-3 phase) connected to 2 Danfuss
type 3004 variable drive, which controls the voltage/frequency supplied to the
stator 44. The higher the voltage/frequency, the higher the shear stress of the
molten metal, which has a direct relationship to the grain size of the alpha grain
structure. The available voltage was set at up to 210 volts and the actual voltage
was recorded throughout the complete cycle of the process by means of a chart
recorder. The temperature of the metal while being stirred in the transfer vessel
was also measured and recorded with the same chart recorder as the voltage.

The molten aluminum was poured into tﬁe transfer vessel 40 and current
applied to stator 44. The metal stayed in transfer vessel 42 until the temperature
reached 1085°F, as measured by a thermocouple mounted in the top plug 62 of
vessel 42, a residence time of approximately 72 seconds. Then, the bottom plug 64
was pulled, allowing the semi-golid metal to exit out from the bottom of the
transfer vessel 42. The semi-molten metal is then passed through the pour hole 48
of the die casting machine 28 and injected into the cavity 50 of mold 30.

A sample of the semi-solid metal that exited from the bottom of transfer
vessel 42 was cut with a knife to verify its semi-solid state. A sample was polished
and the photomicrograph shown in FIG. 4 taken at a magnification of 200X shows
the globular grain structure.

The “on-demand” concept for the production of a semi-solid material and

the corresponding apparatus according to the present invention provides a number
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of advantages over prior art arrangements and methods. In order to establish a
robust process, it is necessary to have relatively precise cooling rate and
temperature control. It is also important to have a method (and corresponding
apparatus) for discharging the shorry billet directly into the shot sleeve of the
casting machine for direct injection into the die or mold for the desired part of
parts. One of the desired characteristics of the present invention is the ability to
produce the slurry billet within a comparatively short cycle time so that there is a
correspondingly high production rate for the finished parts. If the cooling rate of
the alloy is too slow, the time cycle precludes a short cycle time. If the cooling rate
of the alloy is too fast, the electromagnetic stirting which is utilized as part of the
present invention may not be vigorous enough to achieve the desired alloy
microstructure composition. The rate of cooling is also related to the temperature
gradient and the blending of lower temperature alloy with higher temperature alloy
within the same vessel. Without stirring, the alloy temperature near the surface
would be much colder than the alloy in the central region. With stirring of the
molten alloy, the heat transfer mechanism inchudes convection internally and
conduction throngh the vessel wall. Convection at the outer sutface of the vessel
wall occurs due to forced or natural air flow when a thermal jacket is not used.
‘Without stirring, the heat transfer within the alloy within the vessel is by
conduction only and is correspondingly slower. The electromagnetic stirring which
is used as part of the present invention creates shear forces in the alloy to modify
its microstructure and provides for the blending of different temperature alloy
portions.

With reference to FIG. 5, a flow chart is provided which arranges the
primary stages or operations of the present invention and offers some of the design
options which are contemplated. At each stage there is a cooperating apparatus
which is part of the present invention and which provides certain benefits and
improvements over prior art atrangements. At the first stage 70, the selected alloy

is heated to a molten state and is maintained at this molten temperature by means
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of a temperature control circuit 71 and heater 72. In the preferred embodiment,
aluminum afloy 357 is used and the molten alloy is maintained at stage 70 within a
temperature range of between 630° C and 700° C. However, the present invention
is suitable for handling and processing various alloys.

‘When there is a demand for a single shot of a semi-solid slurry composition
of the aluminum alloy, a volume of the molten alloy is transferred (poured) into a
vessel at stage 75 where initial cooling of the alloy begins. As described
hereinafter, the vessel 73 may be initially positioned with or in cooperation with a
coil 74. Since this is optional, the block for coil 74 has been drawn in broken line
form. If a tilt table is used to support and transfer the slurry billet (see FIGS. 7, 8,
10, and 11) to the shot sleeve and a solenoid coil is used for the discharge from the
vessel, then coil 74 may be present at the start of the process as indicated in FIG. 5.
When a robotic arm is used to transport the vessel (see FIG. 2B), there is no need
for ény tilt table or stand. The robotic atm is used to ladle the molten alloy into the
vessel, to move the vessel into the stator, and to move the vessel from the stator
into the coil for using the coil as a discharge mechanism. In this case, coil 74 is
used later in the cycle and is denoted at a second location by broken line block 74a
in FIG. 5. The stator at stage 75 may be vsed in cooperation with a thermal jacket
76. If the thermal jacket 76 is used, it is clamped around the vessel before the
molten alloy is poured into the vessel. Electromagnetic stirring is used as part of
the method and apparatus of the present invention (stage 77), and stirring begins as
soon as the molten alloy is poured into the vessel. As described in connection with
various embodiments of the present invention, the vessel which receives the molten
alloy may be placed within a thermal jacket before the molten alloy is poured into
the vessel, If used, the thermal jacket is surrounded at this point by the stators or
stator which effect electromagnetic stirring at stage 77. Alternatively, if the
thermal jacket 76 is not used, the vessel 73 may be positioned within the stator
arrangement prior to the time that the molten alloy is poured into the vessel. Since

cooling of the vessel is necessary, with or without the jacket, natural air cooling or
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forced air cooling may be used. It is important that the vessel have an elevated
temperature either from the latent heat in the previous cycle or from the heating
element in the thermal jacket before the molten alloy is added so as to reduce any
thermal shock. Block 78 represents the energizing power input to the stator or
stators.

With regard to the “cycle time” for producing a slurry billet for use directly
into a shot sleeve of a die casting machine or other molding or casting device, the
cycle begins when a volume of molten alloy is removed from the holding vat or
furnace and poured into the vessel. By first placing the vessel within the stator,
with or without a thermal jacket, the stator can be energized as soon as the molten
alloy is placed in the vessel, thereby reducing or minimizing any time delays. This
arrangement and method allows cooling and stirting to begin at once and
concurrently which contributes to the relatively shorter cycle time of the present
invention. '

The mechanisms used for the transferring or pouring step of the molten
alloy into the vessel (stage 70 to stage 75) include the use of a ladle which can be
manually handled or which can be manipulated by a robotic arm. The volumetric
control] for the single shot of molten alloy is achieved by the sizing of the ladle,
though the precise volume is not critical so long as sufficient material is provided
for the part or parts to be cast. R_egardless of the means selected for drawing out a
volume of molten alloy, the time to ladle out the alloy and transfer it into the
cooling vessel at stage 75 is only a few seconds, typically between four and six
seconds, regardless of the specific alloy.

As the moiten alloy is poured in the vessel, the cooling of the alloy begins.
The rate of cooling depends in part on the design of the vessel, including its size,
shape, and material. The vessel wall can be configured with internal cooling lines
and/or an external cooling flow of air or similar fluid in order to reduce the
temperature of the vessel by forced convention. The cooling by convection can be

natural or forced. Another cooling option is to use a thermal jacket. Another.
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consideration for the design of the vessel relates to how the slurry billet (once
produced) will be discharged from the vessel into the shot sleeve or similar
receptacle for use in the casting (or molding) process. Stages 79, 80, and 81 depict
the discharge and loading steps.

EXAMPLE 2

Consistent with the teachings of the present invention and with continued
reference to the steps of the FIG. 5 flow chart, an engine-suspension bracket was
fabricated. The original design of this bracket used cast iron and there was an
interest in reducing its weight for improved fuel efficiency for the vehicle. A
decision was made by the auto maker to use an aluminum alloy for the bracket.
However, the aluminum bracket made with conventional high-pressure die casting
failed to pass the evaluation because of its low elongation, which could lead to a
catastrophic failure in a collision. When the apparatus and process steps of the
present invention were used for the fabrication of this bracket, it was determined
that all of the desired material properties for the bracket could be achieved. The
specifics of the actual process used for the fabrication of this engine-suspension
bracket, according to the present invention, are outlined below.

Al 357 is melted into a molten state in a furnace at 650° C. A back-fill
automatic ladle with melt-level sensors is used to lift 12 pounds of molten melt
from the furnace and pour it into a two-piece graphite crucible, which has an inside
diameter of approximately 3.5 inches, an outside diameter of approximately 5.0
inches, and a height or depth of approximately 14 inches. The crucible is mounted
on a robot arm with suitable control circuitry controlling that robot arm for
movement of the crucible. Before the molten melt is poured, the crucible is
positioned coaxially inside a two pole three-phase rotary stator. Atmospheric air is
forced through a gap between the stator and crucible with an air blower. After the
molten melt is poured into the crucible, the stator is actuated with an initial current
of 25 amps in order to stir the molten metal without spilling. As the molten

metal’s temperature decreases, the current increases by approximately 10 amps
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every 3 seconds. When the current level reaches approximately 100 amps, it is
kept constant at that level. This level of current is determined so that the
microstructure of the semi-solid billets become degenerated dendritic. The total
stirring/cooling time of the metal in the crucible is approximately 35 seconds. The
residence time is determined so that the billet’s temperature will be approximately
602°C. Then, at this point, the robot arm moves the crucible to the shot sleeve of a
900-ton horizontal die-casting press, all within approximately 5 seconds. At that
time, the crucible opens in order to drop the semi-solid billet into the shot sleeve
and the plunger is actuated immediately in order to inject the metal into the die at a
ram speed of approximately 15 inches per second. After the cavity is completely
filled, a high pressure of approximately 17 ksi is applied on the remaining metal in
the shot sleeve for approximately 15 seconds so that, as the metal in the die shrinks
due to solidification, additional metal is squeezed into the die cavity in order to
compensate the volume and to suppress the formation of porosity in the finished
part. After that, the die opens in order to eject the part which drops into a water
tank immediately below, after which any further machining or fabrication steps are
performed, such as cutting off any die runner. The as-cast part is then heat treated
in order to increase the mechanical properties.

Suitable materials for the vessel, which is substantially cylindrical, include
graphite, ceramics, and stainless steel. Some of the important material properties
for the vessel include its strength, its corrosion resistance, having good thermal
conductivity, and good electromagnetic penetration. The typical size ranges for the
vessel include lengths from one inch to thirty-five inches and outside diameters
from one inch to twelve inches. The preferred length to “width” aspect ratio is
between 1.2: 1 and 4 : 1. The inside surface of the vessel may be coated with a
suitable material such as boron nitride or other corrosion resistant material which
protects the vessel and may actuaily help the slurry billet discharge from the vessel.
There is a design correlation between the preferred materials for the vessel relative

to the possible discharge apparatus to be used and to the alloy composition being
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discharge apparatus, the specific alloy, and whether the inside surface of the vessel
is coated and, if coated, with what material. As for the discharge apparatuses and
methods, one embodiment of the present invention includes the use of a two-part
vessel 86, split lengthwise so as to open like a clamshell. The design includes a
bottom wall 87 and an open top 88 as illustrated in FIG. 6.

Another vessel design according to the present invention includes the
replacement of the bottom wall with a piston or plunger mechanism to actually
push the slurry billet completely out of the vessel. In this arrangement, the plunger
of the hydraulic or pneumatic cylinder needs to have a stroke so as to extend
completely through the vessel in order for a complete discharge. A further
discharge technique of the present invention which influences the design of the
vessel includes the use of a solenoid coil and a robotic arm or a tilt-table
mechanism. The coil actually melts a thin layer of alloy which is in contact with
the vessel side wall and actually squeezes the slurry so as to force it out of contact
with the vessel wall. The vessel which is either secured to a support table which
may tilted, or which is held by a robotic arm which may be rotated, is turned so that
gravity can act on the shurry billet and actually pull it out of the vessel. Whether by
a tilt table arrangement, a rotary indexing table, a conveyor, or by a robotic arm, the
vessel needs to be moved into position above the shot sléeve so when the vessel is
tilted and the slurry billet slides out, it drops directly into the shot sleeve of the die
casting machine and is, at that moment, ready for the die casting process to begin.

A still further slurry billet discharge technique is to use a DC coil placed at
the closed end of the vessel. Cooperating with this arrangement is a robotic arm
which is constructed and arranged to be able to tilt the vessel so that the slurry
billet can come out and be deposited in the shot sleeve of the corresponding die
casting machine. In the arrangement where a DC coil is used, the vessel and coil
are first tilted and then an energizing pulse to the coil is used to create a force spike

that actually pushes the slurry billet out of the vessel with the assistance of gravity.
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Additional design details regarding the type of vessel which is suitable for
use as part of the present invention are disclosed in the copending patent
application, Serial No. 09/585,296, filed on June 1, 2000, by inventors Norville,
Lombard, and Wang and assigned attorney docket number 9105-4. This co-
pending patent application is hereby expressly incorporated by reference for its
entire disclosure. This incorporated patent application discloses various vessel
designs as well as various slurry billet discharge methods and apparata, all of
which are incorporated by reference and are considered to be part of the present
invention.

‘When the slurry billet is discharged from the vessel, regardless of the
particular technique employed and regardless of the vessel design, it is important to
load the slurry billet into the shot sleeve of the die casting machine promptly. The
time to discharge the slurry billet and position it in the shot sleeve and the cooling
which occurs during this time interval must be factored into the desired
composition of the slurry billet at the time of discharge and the desired
composition of the slurry billet at the start of the die casting process.

One option for transport of the slurry billet from the vessel into the shot
sleeve is to simply position the vessel above the shot sleeve and let the slurry billet
exit from the vessel as it drops directly into the shot sleeve. This positioning step
is preferably performed by the use of a robotic aom in a continuous path and with a
continuous motion from the general location of the stator to the general location of
the die casting machine and, in particular, directly above the shot sleeve. Another
option is to pick and place the vessel on a turntable or conveyor and then 1ift it off
at the shot sleeve location in order to empty or discharge the slurry billet from the
vessel directly into the shot sleeve. Here again, robotic arms are used to place the
vessel on the turntable (or conveyor) and then lift it off for discharge of the slurry
billet once the vessel reaches the general location of the die casting machine. A
still further option is to transfer the billet onto a slug carrier and transfer it into the
shot sleeve. As indicated, the time to perform this transporting step and the rate of
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cooling that occurs during the elapsed time interval needs to be factored into the
starting and ending slurry billet compositions.

The preferred time interval for slurry billet discharge from the vessel and
the subsequent initiation of the injecting step is approximately between 0.1 and 10
seconds, thereby further contributing to the comparatively short cycle time of the
present invention. During this relatively brief time interval, any cooling of the
slurry billet that might occur is relatively insignificant with regard to the
metallurgical composition of the slurry billet, thereby ensuring that the desired
metallurgical composition for the purposes of die casting are maintained.

With regard to the cooling rate control and temperature control of the vessel
and of the alloy within the vessel, it is important to start the electromagnetic
stirring step as soon as the molten alloy is placed in the vessel, all directed to
achieving a comparatively short overall cycle time for producing a slurry billet for
a subsequent die casting step. Accordingly, it is important to continue the cooling
rate control and temperature control during the electromagnetic stitring step in
order to achieve the desired slurry composttion for the billet as quickly as possible,
within reason, and taking into consideration metallurgical realities, in order to
achieve a comparatively short cycle time.

The cooling rate or time of the alloy at stage 75, and also at the
electromagnetic stirring stage 77, depends on the vessel design, the starting
temperature of the vessel, the initial temperature of the molten alloy which is ladled
into the vessel, and whether any auxiliary cooling is provided. Such cooling can be
provided by either internal cooling tubes or conduits in the sidewall of the vessel or
by external cooling. External cooling techniques include providing a flow of
cooling air along the ontside of the vessel. Since this would typically be performed
with the vessel positioned within the stator, the cooling air passes between the
stator and outside surface of the vessel. Also included is the option of using a
thermal jacket which is of a split-half design and constructed and arranged to

clamp around the vessel.
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Additional design details regarding the type of thermal jacket which is
suitable for use as part of the present invention are disclosed in the copending
patent application Serial No. 09/584,859, filed on June 1, 2000, by inventors
Lombard and Wang and assigned attorney docket number 9105-5. This copending
patent application is hereby expressly incorporated by reference for its entire
disclosure.

The vesse] design, according to the present invention, takes into
consideration the thickness of the sidewall, the density of the material used for the
vessel, and the thermal conductivity of that material. It has been learned as part of
the present invention that because of the short cycle time which is desired, the
cooling rate of the.alloy is affected most by the vessel’s density, thickness, thermal
conductivity, and inifial temperature. The vessel needs to have sufficient thermal
capacity (weight times specific heat) in order to absorb heat from the metal and
good thermal conductivity to dissipate heat quickly to the environment. Based on
test results, it has been learned that the alloy’s cooling rate can be effectively
controlled with the vessel’s initial temperature. With the use of a thermal jacket,
the initial temperature of the vessel at the start of the cycle when the molten alloy is
poured into the vessel and when the electromagnetic stirring begins can be
accurately controlled within the desired range.

With reference to FIGS. 7-14, some of the processing steps and
corresponding apparatuses of the present invention are illustrated. FIGS. 7-11
illustrate the use of a one-piece vessel. FIGS. 12-14 depict the use of a two-piece
vessel. While there are other variations and options as described herein, FIGS. 7-
14 provide the disclosure of preferred embodiments of the present invention,
depending on the selected style of vessel.

With reference to FIG. 7, a one-piece vessel 90 is positioned within a
solenoid coil 91 and this combination is positioned on a supporting and tiltable
table 92. By means of a supporting structure 94, a thermal jacket 95 of a split-half

design is positioned within a stator 96. A pair of moving plates 97 in cooperation
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with connecting plates 98 enable the two halves of the thermal jacket to separate
while still within the stator. The outer supporting plates 99 remain stationary and
provide support for pneumatic cylinders 100 (one on each side) which operates to
open and close the two-piece thermal jacket within stator 96. In using this
arrangement, the first step is to move the empty vessel up into the stator by means
of a pneumatic cylinder (not illustrated). The coil 91 does not move with the
vessel 90. When a thermal jacket is present, a component which has been
indicated as an option depending on the selected embodiment of the present
invention, the one-piece vessel actually moves up into the thermal jacket.

With reference to FIG. 8, the separation of the thermal jacket 95 is
illustrated. In this exploded view, the vessel 90 has been transferred out of coil 91
and up into the center of the thermal jacket and the thermal jacket has been
separated. In the FIG. 8 illustration, the various sliding and support plates have not
been included so that the separation of the thermal jacket and the positioning of the
vessel within the thermal jacket can be more clearly illustrated.

With reference to FIG. 9, one end detail of the thermal jacket 95 is
illustrated in greater detail. As can be seen, the sidewall 101 of the thermal jacket
95 includes a plurality of air inlets 102 arranged closer to the inside diameter and a
plurality of air outlets 103 arranged closer to the outside diameter surface of the
thermal jacket. Also included in the design of thermal jacket 95 is a plurality of
cartridge heaters 104. In the preferred embodiment, there are twenty-four air inlets
and twenty-four air outlets and twelve cartridge heaters. These features are
arranged in a uniform pattern and the two halves of the thermal jacket are
substantially identical. The preferred thermal jacket configuration for the present
invention includes a plurality of individual axial sections 101a-101f in addition to
upper manifold 101g and lower manifold 101h. A layer of gasket material is
disposed between the manifolds and between each axial section.

The concept behind the cartridge heaters is based upon questions as to
whether the flow of cooling air or other fluid through the inlets and outlets can
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establish the precise thermal jacket temperature which is desired based upon trying
to establish an initial vessel temperature. If too much cooling is provided, such
that the vessel temperature is out of the desired range or tolerance, the cartridge
heaters, which can be more precisely controlled, are used to bring the temperature
back into the desired range. An alternative would be to cut back on or cut off the
flow of cooling air.

With regard to the illustration of FIG. 10, once the slurry billet has been
properly prepared to the desired composition within the thermal jacket 95 and
stator 96, noting that the stator is used for electromagnetic stirring while the alloy
cools, the vessel 90 returns to its position within coil 91 and this combination
remains positioned on table 92 which, as noted, is tiltable. The particular coil
design in the FIG. 10 embodiment is an AC coil 91 which performs two primary
functions on the slurry billet. First, the power to the coil or the energizing of the
coil begins to melt the outer skin of the billet in order to break any bond which it
might have with the inside wall of the vessel. The magnetic field which is
generated by the AC coil also generates a radial body force which actually squeezes
on the slurry billet to help sepaiate it spatially from the inside surface of the vessel.
As this particular procedure continues and as these two process steps are
performed, the table 92 is tilted, as illustrated in FIG. 11, in order to allow the force
of gravity to help eject or discharge the slurry billet 105 from within the vessel.

With regard to FIGS. 12-14, a similar processing sequence is disclosed, but
the difference here is that the vessel 107 is a two-piece design and, as will be
described, does not utilize nor require any type of coil for discharge of the slurry
billet. As before, the vessel 107 is lifted into the stator 96 and if a thermal jacket
95 is present, the vessel 107 is actually moved up into the center of the thermal
jacket, noting that the thermal jacket would be split and then subsequently clamped
onto the vessel.

Once the vessel 107 is positioned within the thermal jacket 95 which is
surrounded by stator 96, the molten alloy is added to the vessel and, at the point



WO 01/91945 PCT/US01/16415

10

15

20

25

30

that solidification first begins, the stator is enérgizcd so as to effect electromagnetic
stirring of the alloy as it cools in order to achieve the desired composition for the
shurry billet.

With reference to FIG. 13, it will be noted that after the alloy is cooled to
the desired semi-solid state, the clamping force of the thermal jacket is released and
this allows the vessel 107 to move down and out of the way of the various
supporting and moving plates. In the FIG. 13 illustration, it will be noted that the
two-piece vessel has a spring catch and split table arrangement 108, as part of tilt
table 109, to keep the vessel 107 closed and to prevent the slurry billet 105 from
being dropped by accident. The spring catch and split table arrangement 108
includes a hinged table with two halves 108a and 108b. Each half supports a pair
of upright support members 108c and 108d which connect to the split halves 107a
and 107b of vessel 107. When the spring catch is released by bar 108e, the two
hatves 108a and 108b are able to swing open. As disclosed in FIG. 2B, the
supporting table can be replaced by a robotic arm. When the slurry billet is ready
to be discharged, the vessel 107 is moved into position above the shot sleeve of the
die casting machine. Next, the two-piece vessel is tilted and opened (as described)
in order to release the slurry billet 105 so that it can drop down into the shot sleeve.
(See FIG. 14). Due to the versatility of programming and movement options, the
use of a robotic arm is preferred as a way to shorten the cycle time and facilitate the
automation of the slurry production process.

With regard to electromagnetic stirring, it is known to use a “rotary” stator
arrangement which creates a generally horizontal flow loop for a portion of the
alloy within the vessel. It is also known to use a “linear” stator arrangement to
create a different flow pattern compared to that generated by a rotary stator. When
the vessel is relatively long, a linear stator arrangement creates a longitudinal or
axial flow loop which helps to reduce the temperature difference (cold zone to hot
zone) between the lower to upper ends of the vessel (and billet). The stirring
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motion which is imparted to the alloy due to the stator is based on the magnetic
field and the phase difference between each pﬁr of N-S poles.

MHD stirring can be achieved by utilizing a two-pole, multi-phase stator
arrangement or a multi-pole stator arrangement to generate a magnetomotive
stirting force on a liquid metal. In general, a suitable stator arrangement includes a
plurality of pairs of electromagnetic coils or windings oriented around a central
volume. The windings are sequentially energized by flowing electric current
therethrough.

With a three-phase, two-pole stator arrangement there are three pairs of
windings with a 120 degree phase difference between the AC currents in each pair.
A “rotary” stator arrangement generates a rotating magnetic field in the central
volume when the respective pairs of windings are sequentially energized with
sinusoidal electric current. In the example provided, there are three pairs of
windings oriented circumferentially around a cylindrical mixing volume, although
other designs may employ other numbers of windings having other orientations.
Typically, the windings or coils are electrically connected in order to form a phase
spread over the stirring volume.

In use, the magnetic field varies with the change in current flowing through
each pair of windings. As the magnetic field varies, a current is induced in a liquid
electrical conductor occupying the stirring volume. This induced electric current
generates a magnetic field of its own. The interaction of the magnetic fields
generates a stirring force acting on the liquid electrical conductor, urging it to flow.
As the magnetic field rotates, the circumferential magnetomotive force drives the
liquid metal conductor to circulate. It should be noted that the magnetic field
produced by a two-pole system has an instantaneous cross section bisected by a
line of substantially zero magnetic force while the magnetic field produced by a
four-pole system has a central area characterized by essentially zero magnetic

force.
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With a “linear” stator arrangement, the windings are positioned
longitﬁdinally relative to a cylindrical mixing volume. In this configuration, the
changing magnetic field induces circulation of the liquid electrical conductor in a
direction parallel to the axis of the cylindrical volume.

Another consideration with electromagnetic stirring is the desire to get
vigorous stirring without creating a suction vortex that could draw in oxide
inclusions and degrade the quality of the cast composition. With regard to creating
shear forces to scrape the solidifying alloy off of the surface of the vessel, a rotary
stator arrangement is preferred. A further consideration as the alloy cools and its
solid fraction increases is to maintain the flow (stirring) motion of the slurry with
high torque (low stirring speed) and high penetration. High penetration requires a
lower line frequency for the stator.

After considering all of the stator design variables, it was conceived as part
of the present invention to use a2 combination of rotary stators and linear stators.
Different from MHD casting, the slurry in this invention is not fully solidified in
the crucible. A four-pole stator, which is not applicable in MHD casting, has an
advantage over a two-pole stator in stirring the slurry because the maguetic stirring
field of a four-pole stator is concentrated in the outer radial portion of the slurry-
billet where higher force is required to stir the colder metal. One arrangement of
two linear stators and one rotary stator is diagrammatically illustrated in FIG. 15.
Rotary stator 115 is positioned around the vessel 116 as illustrated. Positioned
axially above and below the rotary stator 115 are linear stators 117 and 118,
respectively. Positioned around vessel 116 and radially inwardly of the stators is
thermal jacket 119. In lieu of a thermal jacket, a heat sink can be used around the
vessel to help in the removal of heat from the alloy. The flow pattern which results
from the unique combination and arrangement of stators, as illustrated in FIG. 15,
is a spiral flow pattern, as illustrated by arrows 120.

An alternative to the rotary and linear stator arrangement of FIG. 15 is to
still alternate the rotary and linear stators, but to start with a rotary stator adjacent
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the open end of vessel 116. Further alternatives include an alternating series of
four stators and an alternating series of five stators. The starting type of stator can
be either rotary or linear in each alternative embodiment.

Additional design details regarding the types of stators which are suitable
for the present invention, the arrangement of these stators, whether rotary, linear, or
both, and the alloy flow patterns which correspond to each stator arrangement
according to the present invention are disclosed in the copending patent application
Serial No. 09/585,060, filed on June 1, 2000, by inventors Lu, Wang, and Norville,
and assigned attormey docket number 9105-6. This copending patent application is
hereby expressly incorporated by reference for its entire disclosure.

Since the focus of the present invention is to create a shurry billet wﬁich is
discharged directly into the shot sleeve of a casting machine or similar receptacle,
all within a comparatively short cycle time, the continued cooling of the alloy
during the stirring step remains important. Effective and vigorous stirring
combined with temperature controls and cooling rate controls enables a suitable
slurry billet to be created at stage 77 with a process step time for the stirring of
between five (5) and 120 seconds. The next steps in the process of FIG. 5 include
stage 79 where the slurry billet is discharged from the vessel and stage 81 where
the shurry billet is directly loaded into the shot sleeve (or other receptacle) of the
die casting machine (or other molding station). If there is a transporting step from
the discharge step to the loading step, this is represented by block 80. If the vessel
(now removed from the stator) is transported (with the slurry billet) to the shot
sleeve, the transport block 80 also depicts this step. The style of part to be
produced and the number of mold or die cavities influence the predetermined solid
fraction percentage which determines the alloy viscosity. When the part geometry
is shorter and thicker, a higher alloy viscosity can be accommodated. When the
part geometry is long and narrow, a lower viscosity is required so that flow to ail
ends and portions of the die cavity will occur by laminar flow prior to solidification

which may close off or block some portion of the cavity. Similarly, when the part
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has a relatively simple geometry, a more viscous slurry can be handled by the die
casting machine, as compared to a part with greater intricacies and complexities
which require a less viscous slurry so that flow to all of the small corners and
inclusions within the cavity can be achieved.

The slurry billet discharge techniques, according to the present invention,
have been described and additional design aspects have been incorporated by
reference. The key is to transfer the slurry billet from the vessel to the shot sleeve
in a rapid fashion so that the casting process can be initiated without delay. A
prompt transfer to the shot sleeve is also important so that the temperature and
viscosity of the alloy does not change appreciably, thereby maintaining the desired
alloy properties for the casting step.

The cycle time for producing a suitable slurry billet according to the present
invention, starting with the ladling of the molten alloy into the vessel and ending
with the loading of the billet into the shot sieeve, ranges from 6.7 seconds, for
small slurry volumes of less than ten pounds, to as high as 233seconds for large
slurry volumes of over twenty pounds, depending on the shot size, alloy, and
desired viscosity. This comparatively short cycle time is enabled by the curnulative
effect contributed by the design of the vessel, the temperature and cooling rate
control techniques, the electromagnetic stirring apparatus and method, and the
manner of discharging the slurry billet from the vessel directly into the shot sleeve.

The cycle times for the slurry billet processing according to the present
invention depend in part on the specific alloy and the required or desired amount of
slurry for the part or parts to be die cast in each casting cycle of the die cast
machine. As used herein and as used in Table I, a “small” volume of slurry has a
range of up to 10 1bs. A “medium” volume of slurry has a range of from 10 up to
20 1bs. A “large” volume of slurry has a range of from 20 to 180 Ibs. In Table I,
these three volumes or amount ranges are used for aluminum alloy 357. The steps
or stages associated with and disclosed by the present invention are listed with the

corresponding time ranges for each amount or volume of slury. These time ranges
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are achieved by use of the methods and apparata disclosed herein. For a small
volume of slurry, the processing time for Al 357, according to the present
invention, preferably ranges from 6.7 seconds to 67 seconds. For a medium
volume of slurry, the processing time for Al 357, according to the present
invention, preferably ranges from 25.7 seconds to 125 seconds. For a large volume
of slury, the processing time for Al 357, according to the present invention,
preferably ranges from 60.7 seconds to 233 seconds. As used herein, the concept
of a “transferring” step includes both the transporting of the molten alloy from the
furnace to the vessel and the pouring of the molten alloy into the vessel. The time
range for the pouring step depends in part on the volume of slurry and whether or
not the vessel is tilted. One processing option is to tilt the vessel and to pour the
molten alloy into the vessel in this orientation and the bringing the vessel to an
upright crientation as it fills. This approach takes longer than a more rapid pour
directly into an upright vessel. The cumulative effect of the processing steps in
Table I is the production of on-demand slurry in a comparatively shorter cycle time

than what might be possible with earlier methods and apparatuses.
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Table I
Step Slurry Volumes/Time in Seconds
Small Medium Large
A | Ladle molten alloy into Dip* 1t03
vessel: 2t06 Sto 10
Transport
2t08 2i08 41012
Pour
05t05 05t0 10 0.5t020
B Cooling & stirring of alloy in | Stir/cool
vessel: 2 to 30 20t070 50 to 150
Unclamp jacket
0.1to3 0.1t03 0.1t03
C | Transport & discharge of Move to shot sleeve
slurry billet: 1to8 Ito8 1to 8
Discharge slurry billet
0.1to 10 0.1t020 0.1 to 30
Notes:

10

15

* Clamp jacket onto vessel while molten alloy is being dipped into

ladle.

NOTE: There would be some over-lap in the time range between small,

medium, and large shurry volumes because there are other parameters

affecting the cycle time, e.g., alloy type, delivery temperature, and the

vessel’s aspect ratio (length to “width™).

The method of the present invention for producing on-demand, semi-solid

material for a casting process is also envisioned for use in forming a metal matrix

composite. In order to do so, the step of adding particulate solid particles into the

metal alloy must be performed. Suitable materials for the particulate solid particles

include silicon carbide and alumina.
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The present invention has been described in the context of preparing a
volume of slurry for a shot sleeve. The volume of slurry has been put in the
context of small, medium, and large amounts with a corresponding weight range.
It is also envisioned that a suitable slurry composition can be created in a
somewhat continuous manner by way of an integrated slurry maker. The design
details regarding this type of apparatus are disclosed in the copending patent
application, Serial No. 09/585,502, filed June 1, 2000, by inventors Norville,
Wang, and Lombard, and assigned docket number 9105-7.

‘While the invention has been illustrated and described in detail in the
drawings and foregoing description, the same is to be considered as illustrative and
not restrictive in character, it being understood that only the preferred embodiment
has been shown and described and that all changes and modifications that come

within the spirit of the invention are desired to be protected.
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‘What is claimed is;

1. A method of producing on-demand, semi-solid material for a
casting process, said method comprising the following steps:

heating a metal alloy until it reaches a molten state;

transferring an amount of said molten alloy to a vessel;

cooling said amount of molten alloy in said vessel;

applying an electromagnetic field to said amount of molten alloy for
creating a flow pattern of said molten alloy within said vessel while said cooling
continues in order to create a slurry billet; and

discharging said slurry billet from said vessel into a shot sleeve of a casting

machine.

2. The method of claim 1 wherein the performance of the transferring,
cooling, applying, and discharging steps has a total cycle time of between 4

seconds and 250 seconds.

3. The method of claim 2 wherein said transferring step is performed

in between approximately 2 seconds and 35 seconds,

4. The method of claim 3 wherein said cooling and said applying steps
are performed in a combined time of between approximately 2 seconds and 120

seconds.

5. The method of claim 4 wherein said discharging step is performed

in between approximately 0.1 second and 30 seconds.

6. The method of claim 1 wherein said transferring step is performed

in between approximately 2 seconds and 35 seconds.
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7. The method of claim 1 wherein said cooling and said applying steps
are performed in a combined time of between approximately 2 seconds and 150

seconds.

8. The method of claim 1 wherein said discharging step is performed
in between approximately 0.1 seconds and 30 seconds.

9. The method of claim 1 wherein said transferring step includes the

use of a robotic arm and a cooperating ladle.

10.  The method of claim 9 wherein said applying step is performed by

moving said vessel into a stator before said transferring step is performed.

11. The method of claim 10 wherein said cooling step is performed by

providing a flow of cooling air between said vessel and said stator.

12.  The method of claim 10 which further includes the step of clamping
a thermal jacket around said vessel, said thermal jacket being positioned within

said stator and said clamping step occurring before said transferring step.

13.  The method of claim 1 wherein said applying step is performed by

moving said vessel into a stator before said transferring step is performed.

14.  The method of claim 1 wherein said cooling step is performed by

providing a flow of cooling air between said vessel and said stator,
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15.  The method of claim 1 which further includes the step of clamping a
thermal jacket around said vessel, said thermal jacket being positioned within said

stator and said clamping step occurring before said transferring step.

16.  The method of claim1 wherein said transferring step includes the

use of an automatic mechanical ladle.

17.  The method of claim 1 wherein said stator is a multi-phase, multiple

pole stator using circumferential flow in the molten metal.

18.  The method of claim 1 wherein said stator is a multi-phase, multiple

pole stator causing longitudinal flow in the molten metal.

19.  The method of claim 1 which further includes the step of adding
particulate solid particles into the metal alloy for forming a metal matrix

composite.

20.  An apparatus for producing on-demand, semi-solid material for a
casting process, said apparatus comprising:

a vessel constructed and arranged for receipt of an amount of molten alloy;

means for moving said vessel between a forming station and a discharge
location;

a stator constructed and arranged for effecting electromagnetic stirring of
the amount of molten alloy, said vessel being positioned within said stator; and

cooling means for lowering the temperature of said amount of molten alloy
while said electromagnetic stitring is performed so as to produce a shurry billet

within a comparatively short cycle time which is less than three minutes.
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21.  The apparatus of claim 20 wherein said cooling means includes a

thermal jacket positioned between said stator and said vessel.

22.  The apparatus of claim 21 wherein said thermal jacket has a split-
half design and is constructed and arranged so as to be openable prior to receiving

said vessel and to be closeable so as to clamp around said vessel.

23.  The apparatus of claim 20 which further includes-discharge means
for removing the slurry billet from the vessel and loading it into a shot sleeve of a

casting machine.

24. A method of producing shaped metal parts from on-demand, semi-
solid metal with degenerate dendritic primary solid particles, said method
comprising the following steps:

heating a metal until it reaches a molten state;

transferring an amount of said molten metal to a vessel, while controliably
cooling said amount of molten metal in said vessel;

applying an electromagnetic field to said amount of molten metal for
creating a flow pattern of said molten metal within said vessel until a desired
molding temperature within the semi-solid range is reached, thereby creating a
slurry; and

discharging said slurry from said vessel into a shot sleeve of a casting

machine.

25.  The method of claim 24 which further includes the step of operating
said casting machine in order to cast the slurry into the form of a shaped metal part.
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26.  The method of claim 25 wherein the performance of the
transferring, cooling, applying and discharging steps has a total cycle time of
between 4 seconds and 250 seconds.

27. An appé:ratus for producing shaped metal parts from on-demand,
semi-sofid metal with degenerate dendritic primary solid particles, said apparatus
comptising:

a vessel constructed and arranged for receipt of an amount of molten alloy;

means for moving said vessel between a forming station and a discharge
location;

a stator constructed and arranged to generate sufficient electromagnetic
forces for stirring the amount of molten alloy, said vessel being positioned within
said stator; and

cooling means for lowering the temperature of said amount of molten alloy
while said electromagnetic stirring is performed so as to produce a shurry billet

within a comparatively short cycle time which is less than 4 minutes.

28.  The apparatus of claim 27 which further includes discharge means
for transferring said slurry billet from the vessel into a shot sleeve of a forming

press.

29.  The apparatus of claim 28 wherein said cooling means includes a

thermal jacket positioned between said stator and said vessel.

30.  An apparatus for producing shaped metal parts, on-demand, from a
metal alloy having particulate solid particles as a metal matrix composite, said
apparatus comprising:

a vessel constructed and arranged for receipt of an amount of said metal

matrix composite;
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means for moving said vessel between a forming station and a discharge
location;
a stator constructed and arranged to generate sufficient electromagnetic
forces for stirring the amount of molten alloy, said vessel being positioned within
5  said stator; and
cooling means for lowering the temperature of said amount of molten alloy
while said electromagnetic stirting is performed so as to produce a slurry billet

within a comparatively short cycle time which is less than 4 minutes.

10
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