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(37) Abstract: A metallic alloy is processed by cooling the metallic alloy from an
initial metallic alloy elevated temperature to a semi-solid temperature below the lig-
uidus temperature of the alloy and above the solidus temperature, and maintaining
the metallic alloy at the semi-solid temperature for a sufficient time to produce a
semi-solid structure in the metallic alloy of a globular solid phase dispersed 1n a
lrquid phase. The cooling may be accomplished by providing a crucible at a cru-
cible 1nitial temperature below the solidus temperature, pouring the metallic alloy
into the crucible, and allowing the metallic alloy and the crucible to reach a thermal
equilibrium between the liquidus temperature and the solidus temperature of the
metallic alloy. The method may turther include removing at least some, but not all,
of the liquud phase present in the semi-solid structure of the metallic alloy to form
a solid-enriched semi-solid structure of the metallic alloy, and forming the metallic
alloy having the solid-enriched semi-solid structure into a shape.
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SEMI-SOLID CONCENTRATION PROCESSING OF METALLIC ALLOYS

TECHNICAL FIELD

This invention relates to solidification processing of metallic alloys and, more
particularly, to semi-solid processing of metallic alloys.
BACKGROUND ART

The casting of a metal into a useful shape involves heating the metal to a

temperature above its melting point, placing the molten metal into a form (termed “a
mould”), and cooling the metal to a temperature below its melting point. The metal
solidifies in the shape defined by the mould, and is thereafter removed from the mould.
Within these general guidelines, a wide variety of casting technologies are known.

When most metallic alloys are cooled from the molten state, they do not solidity
at a single temperature, but over a temperature range. As the metal is cooled, it first
reaches a liquidus temperature at which the alloy begins to freeze. As the temperature 1s
further reduced, an increasing fraction of the metal becomes solid, until the metal is
entirely solid below a solidus temperature.

In conventional casting practice, the metal is cooled from the molten state above
the liquidus temperature to the solid state below the solidus temperature, without being
held at a temperature between the liquidus temperature and the solidus temperature.
However, it is known to cool the metal to a semi-solid temperature range between the
liquidus temperature and the solidus temperature and hold the metal at that temperature,
so that the metal is in a semi-solid state. Alternatively, the metal may be heated from a
temperature below the solidus temperature to the semi-solid temperature range between
the liquidus temperature and the solidus temperature. By whatever path the metal
reaches this semi-solid temperature range, the semi-solid material is then often processed
to produce a structure of solid globules in a liquid matrix. This process may involve
intensive stirring, but if suitable conditions are achieved to give many crystallization
nuclei (for example by rapid cooling or using suitable grain refinement techniques) the
process may involve only an aging step. The semi-solid mixture is then forced into a
mould while in this semi-solid state, typically by die casting.

In the conventional semi-solid casting technique, careful control is required over
the heating and cooling parameters, specifically the holding temperature at which the
processing apparatus is maintained. The present inventors have realized that for
commercial purposes, the conventional approach is confined to use with alloys having a
low rate of increase of the fraction of solids with decreasing temperature, at the semi-
solid processing temperature. Consequently, many alloys are excluded from practical

commercial semi-solid processing, unless a high degree of control on temperature
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(requiring expensive equipment) is achieved. This high degree of control is not possible
or not practical for many commercial semi-solid casting operations

Accordingly, there is a need for an improved approach to the semi-solid casting
of metallic alloys, which is less restrictive on processing parameters and produces a
better-quality final product. The present invention fulfills this need, and further provides

related advantages.

DISCLOSURE OF THE INVENTION
This present invention provides a method for semi-solid processing of metallic

alloys, which is operable with a variety of metals having both high and low variation of
solids content with temperature variation in the semi-solid temperature range. The
approach of the present invention does not require intensive stirring and/or mixing in the
semi-solid range, resulting in improved quality of the final cast product as a result of
reduced incorporation of defects into the semi-solid material and thence into the cast
product. The approach also allows the relative fraction of solid and liquid to be
controllably varied in the semi-solid structure without changing temperature, so that the
structure of the as-cast product may similarly be varied. Recycling of matenals in the
casting plant 1s also facilitated. In a preferred embodiment, temperature control of the
metallic alloy is significantly simplified, with the result that materials having very narrow
operable temperature ranges in the semi-solid state may be processed.

In accordance with the present invention, a metallic alloy having a liquidus
temperature and a solidus temperature is processed. The method comprises the steps of
providing the metallic alloy having a semi-solid range between the liquidus temperature
and the solidus temperature of the metallic alloy, heating the metallic alloy to an alloy
initial elevated temperature above the liquidus temperature to fully melt the alloy,
reducing the temperature of the metallic alloy from the initial metallic alloy elevated
temperature to a semi-solid temperature of less than the liquidus temperature and more
than the solidus temperature, and maintaining the metallic alloy at the semi-solid
temperature for a sufficient time to produce a semi-solid structure in the metallic alloy of
a globular solid phase dispersed in a liquid phase, which is usually between 1 second and
5 minutes. The method further includes removing at least some, but not all, of
the liquid phase present in the semi-solid structure of the metallic alloyl to form a solid-
enriched semi-solid structure of the metallic alloy. The metallic alloy having the semi-
solid structure or the solid-enriched semi-solid structure is then cast into a
shape.

In a particularly preferred embodiment of the present invention, the metallic alloy
i1s cooled from above the liquidus temperature to the semi-solid temperature by providing

a crucible at a crucible initial temperature below the solidus temperature, pouring the
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metallic alloy into the crucible, and allowing the temperature of the metallic alloy and the
crucible to reach an equilibrium at the semi-solid temperature. The relative masses and
properties of the metallic alloy and the crucible and their initial temperatures are
preferably selected such that, when thermal equilibrium between the two is reached, the
metallic alloy and the crucible are at the desired semi-solid temperature. In this way,
temperature control is simplified, and metallic alloys with a high rate of weight fraction
solids formation with decreasing temperature may be processed.

If the particularly preferred embodiment 1s used, the semi-solid mixture may be
directly transferred to a die casting machine without solidifying it, and die casting the
resulting semi-solid globularized mixture. However, it is preferred to include the step of
removing at least some liquid phase prior to casting, as this permits the globularization
step to occur under conditions where there is substantial liquid phase present, resulting in
more efficient heat and mass transfer.

The removal of liquid phase, where used, is preferably accomplished by allowing
liquid to drain from the semi-solid material through a filter or other porous structure,
thereby increasing the relative amount of the solid material in the semi-solid material. In
a typical case, the semi-solid structure initially has less than about 50 weight percent
solid phase, preferably from about 20 to about 35 weight percent, and the liquid phase is
removed until the solid-enriched semi-solid structure has from about 35 to about 55
weight percent, preferably about 45 weight percent, of solid phase present as determined
by the procedures described subsequently.

After concentration of the solid weight fraction accomplished by removal of
liquid phase, the metallic alloy is thixotropic. That it, it may be handled in the manner of
a solid, but may then be formed to a final shape by any operabie liquids-processing
technique such as pressure die casting.

The present invention may be used with any material having a semi-solid range,
but is preferably practiced with aluminum alloys. It may be performed with alloys that
are reinforced with a phase that remains solid throughout processing, producing a final
cast reinforced composite material.

The method of the present invention may employ a moditied alloy composition

that is suitable for use with the processing described above. The modified alloy
composition allows the production of solid product of a desired final composition when
processed by the procedure in which some liquid phase is removed. The modified alloy
composition may comprise a base alloy having its solute elements adjusted to account
for removal of a portion of the base alloy as a liquid phase at a semi-solid temperature
between a liquidus temperature and a solidus temperature of the modified alloy

composition, whereupon the material remaining after removal of the
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liquid phase has the base alloy composition. Stated alternatively, the invention may employ
a modified alloy whose composition is determined by the steps of providing a base alloy
having a base alloy composition, and performing a separation procedure with the base
alloy as a starting material. The separation procedure includes the steps of heating the
starting material to above its liquidus temperature, cooling the starting material to a semi-
solid temperature between its liquidus temperature and its solidus temperature, at which
semi-solid temperature the starting material has a liquid portion and a solid portion of
different composition than the liquid portion, and removing at least part of the liquid
portion to leave a remaining portion having a remaining composition different from that
of the starting material. A modified alloy composition is determined such that, when the
modified alloy composition is processed by the separation procedure using the modified
alloy as the starting material, its remaining composition 1s substantially the base alloy
composition.

In conceiving the present invention, the present inventors have realized that, as a
practical matter, the conventional approach to semi-solid processing is limited in a
commercial setting to alloys having an absolute value of the temperature rate of change
of percent solids at the holding temperature of about 1 weight percent solids per degree
Centigrade or less. The present approach allows the semi-solid processing of alloys
having an absolute value of the temperature rate of change of percent solids at the holding
temperature that 1s greater than about 1 weight percent solids per degree Centigrade, and
even greater than about 2 weight percent solids per degree Centigrade. The present
approach therefore opens the way to the semi-solid processing of many alloys heretofore
extremely difficult or impossible to process commercially.

Other features and advantages of the present invention will be apparent from the
following more detailed description of the preferred embodiment, taken in conjunction
with the accompanying drawings, which illustrate, by way of example, the principles of
the invention. The scope of the invention is not, however, limited to this preferred
embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block flow diagram of a preferred approach for practicing the

present invention;
Figure 2 depicts a first form of phase diagram of an operable metallic alloy;
Figure 3 depicts a second form of phase diagram of an operable metallic alloy;
Figure 4 is a schematic side sectional view of an example of a crucible in the
tilted pouring position;
Figure 5 is a schematic side sectional view of the crucible of Figure 4 in the

vertical concentrating position, but prior to liquid phase removal;
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Figure 6 is a schematic side sectional view of the crucible of Figure 4 in the

vertical concentrating position, during liquid phase removal;

Figure 7 is an idealized micrograph of the metallic alloy in a preferred process of
the invention prior to removal of liquid;

Figure 8 is an idealized micrograph of the metallic alloy of Figure 7 after removal
of liquid;

Figure 9 is an elevational view of a freestanding billet of the semi-solid material
produced according to a preferred form of the invention; and

Figure 10 is a schematic sectional view of a forming apparatus suitable for

shaping the semi-solid material of Figure 9.
BEST MODES FOR CARRYING OUT THE INVENTION

Figure 1 depicts in block diagram form a preferred approach for practicing the

method of the invention. In this approach, a solid metallic alloy is provided, indicated by
numeral 20. The metallic alloy is one which exhibits a semi-solid range during
solidification between a liquidus temperature and a solidus temperature. Figures 2 and 3
arc partial temperature-composition phase diagrams of the aluminum-silicon binary
system illustrating two typical types of metallic alloys of this type, wherein the liquidus
temperature decreases with increasing silicon solute content (Figure 2) and wherein the
liquidus temperature increases with increasing solute content (a different portion of the
Al-Si binary system, Figure 3). In both figures, a metallic alloy of composition A has a
liquidus temperature T; and a solidus temperature Ts. At temperatures above T}, the

metallic alloy is entirely liquid phase, and at temperatures below Ts, the metallic alloy 1s

entirely solid phase. In a temperature range ATss between T and Ts, the alloy is a semi-
solid mixture of liquid and solid phases, with the relative proportions of liquid and solid
phases determinable by the lever rule.

Many metallic alloys are characterized by phase diagrams such as those discussed
in relation to Figures 2 and 3. The use of aluminum alloys is of particular interest to the
present inventors, but other types of alloys are operable as well. (As used herein, an alloy
is characterized by the element that is present in greatest proportion - thus, an
“aluminum” alloy has more aluminum than any other element.) Examples of operable
aluminum alloy are Alloy A356, having a nominal composition in weight percent of
aluminum, 7.0 percent silicon, and 0.3 percent magnesium; and Alloy AA6061, having a
nominal composition in weight percent of aluminum, 1.0 percent magnesium, 0.6 percent
silicon, 0.3 percent copper, and 0.2 percent chromium. Preferably, a grain refiner 1s
added to the alloy for the present approach. The grain refiner may be, for example, a

titanium-boron composition that yields up to about 0.03 weight percent titanium 1n the

alloy.
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The metallic alloy may be mixed with other phases that remain solid throughout
all of the procedures discussed herein. Such other phases may be present unintentionally,
such as oxide inclusions and stringers. Such other phases may also be present
intentionally, such as aluminum oxide or silicon carbide reinforcing phases. The
presence of such phases does not prevent operability of the present invention, provided
that the total solids in the mixture prior to removal of liquid phase remains less than
about 50 weight percent and preferably from about 20 to about 35 weight percent.

Returning to Figure 1, the metallic alloy is heated to an alloy initial elevated
temperature T; above the liquidus temperature T} to fully melt the alloy, numeral 22.

The temperature of the metallic alloy 1s thereafter reduced, numeral 24, from the
initial metallic alloy elevated temperature T; to a semi-solid temperature T4 that is less
than the liquidus temperature T and greater than the solidus temperature Tg, and is
within the range ATss.

The heating step 22 and the temperature-reducing step 24 may be accomplished
in any operable manner and with any operable apparatus. Figure 4 illustrates a preferred
apparatus 40. In this case, the heating step 22 1s accomplished with a heating vessel 42
made of a material that withstands the molten alloy. The heating vessel 42 may be heated
In an oven, resistively, inductively, or by any other operable heating source or means.

The temperature-reducing step 24 is preferably accomplished by pouring the molten
metal 44 from the heating vessel 42 into a crucible 46.

In the preferred approach, the material of construction and structural parameters
of the crucible 46 are carefully chosen, in conjunction with the type and amount of the

molten metallic alloy, to aid in cooling the molten metallic alloy precisely to a chosen
value of TAo. The design principle is that the enthalpy change AH¢ of the crucible 46 as it
is heated from its crucible initial temperature to T¢ is equal to the enthalpy change AHy,
of the molten metallic alloy as it is cooled from T;to Ta. The value of AHc is calculated

as the integral /McCpcdT (where Mc is the mass of the crucible, Cp ¢ is the heat capacity

of the crucible, which is usually itself a function of temperature, and dT is the differential

'temperature), corrected by the amount of heat lost from the crucible surface by radiation

and convection from the time at which the molten alloy is poured into the crucible until
the value of Fg is determined. The radiative and convective heat losses are determined
from the dimensions of the crucible and its surface emissivity, plus known convective
heat transfer coefficients. The limits of integration are from the crucible initial

temperature, typically room temperature, to the desired To. The value of AHy 1s

calculated as (IMMCP?MdT + FsMuHE), where My 1s the mass of the molten metal, and

Cp M 1s the heat capacity of the molten metal, which is usually itself a function of
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temperature. The limits of integration are from T; to Ta. In the second term, ks 1s the
fraction of the metallic alloy that has solidified at Ta, determined by the lever rule, and
He is the heat of fusion of the transformation of the metallic alloy from liquid to solid.
All of these values are readily determined from available technical information such as
thermodynamic data compilations and the relevant portion of the temperature-
composition phase diagram.

Establishing the temperature T, to which the metallic alloy is cooled in step 24 1n
this manner has an important practical advantage. The cooling of large masses of
metallic alloy to a precise elevated temperature is ordinarily difficult. If a large mass of
metallic alloy is placed into a temperature-controlled environment, such as a furnace, a
period of hours may be required to reach an equilibrium. That is highly undesirable for
the present application, as there may be a coarsening of the solid globules observed in the
metallic alloy at Ta, as will be discussed subsequently. Using the present approach, the
temperature equilibration at T4 of the crucible 46 and the molten metal in the crucible 46
is achieved within a period of a few seconds. Further, the value of Tx may be established

quite precisely to within a few degrees. This is important because the temperature rate of

20
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35

change of weight fraction of solids may be large for some alloys. That is, a small change
in temperature Ta can result in a large change in the solids content of the semi-solid
mixture. The present approach allows the temperature of the metallic alloy to be
established and maintained very precisely. If conventional techniques are used, the
temperature rate of change of weight fraction solids for a workable alloy at T4 must be
about 1 percent per degree Centigrade or less, whereas in the present approach, alloys
having a temperature rate of weight fraction change in excess of about 1 percent per
degree Centigrade, and even in excess of about 2 weight percent per degree Centigrade,
at T4 may be usefully prepared in semi-solid form and cast.

The crucible 46 is made of a material that withstands the molten metallic alloy.
Preferably, it is made of a metal side wall with a higher melting point than Tj, and a
multi-piece refractory bottom whose structure will be described subsequently. The
external surface of the crucible may optionally be insulated entirely or in part to reduce
heat loss during processing. The use of a metal crucible aids in achieving rapid heat flow
for temperature equilibration, and is inexpensive. A steel crucible 46 coated with mica
wash may be used for aluminum metallic alloys.

The crucible 46 is preferably cylindrical in cross section with a cylindrical
axis 48. The crucible 46 is mounted in a support that rotates the crucible 46 about its
cylindrical axis 48. When the molten metallic alloy is poured from the heating vessel 42
into the crucible 46, the crucible 46 may be oriented at an inclined angle as illustrated in

Figure 4. Care is taken to achieve temperature equilibrium between the molten metallic
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alloy and the crucible wall as rapidly as possible. The rapid temperature equilibrium is
preferably achieved by moving the mass of molten metal relative to the crucible wall in
such a way that a stationary temperature boundary layer in the molten metal adjacent to
the crucible wall 1s avoided. Fresh hot molten metal is constantly brought into contact
with the crucible wall, avoiding hot spots and cold spots in the molten metal, so that
temperature equilibrium between the molten metal and the crucible is reached rapidly.
The moiten metal may be moved relative to the crucible wall in any of several modes, or
a combination thereof, all of which promote the rapid temperature equilibration. In one
mode of movement, the crucible is rotated about its cylindrical axis, while either inclined
or upright. It is also advantageous to impart some swirling or similar motion to the liquid
metal to prevent adherence of solidifying metal to the walls. Such swirling motion may
be achieved by precessing the inclined cylindrical axis, by rotating the cylindrical axis
about a center laterally separated from the cylindrical axis, by moving the cylindrical axis
along a pattern lying in a plane perpendicular to the cylindrical axis, by periodically
altering the inclination angle of an inclined crucible, or by any other operable movement.
In another approach, a scraper may contact the inside of the wall of the crucible 46.
Typically when one of these techniques is used, the equilibrium temperature T, in both
the molten metallic alloy and the crucible i1s reached within a few seconds at most after
the pouring 1s completed.

After pouring the molten metallic alloy into the crucible 46 and equilibration at
temperature T4 is reached, the molten metallic alloy is maintained at temperature T for a
period of time sufficient to produce a semi-solid structure in the metallic alloy of a
globular solid phase dispersed in a liquid phase, numeral 26. This period of time is
typically from about 1 second to about 5 minutes (preferably no more than about 2
minutes), depending principally on the kinetics in the metallic alloy. The inventors have
observed that for typical aluminum alloys, the required time is only a few seconds, so that
the semi-solid structure is reached by the time that the next step of the processing is
performed. In effect, there is no noticeable delay required in the processing.

Optionally, some but not all of the liquid is removed from the semi-solid
structure, numeral 28. Removal is preferably accomplished as shown in Figures 5-6. The
crucible 46 is formed with a solid bottom 50 having an opening 52 therein. In an
apparatus built by the inventors to process aluminum alloys, the diameter of the opening
52 1s about 10 millimeters. A porous material in the form of a porous plug 54 is placed
into the opening 52. A removable closure 56 lies below the porous plug 54. The
removable closure includes a gasket 57 supported on a steel plate 58, which is supported
trom the crucible 46 by a hinge 59. The gasket 57 is made of a refractory felt such as

Kaowool®, or graphite felt, for example.
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The porous material of the porous plug 54 is selected so that liquid phase metallic
alloy at temperature T, may slowly flow therethrough, but so that the solid phase present
in the metallic alloy at temperature T may not pass therethrough. For the preterred
aluminum alloys, the porous material is preferably a ceramic foam filter having 10 to 30
pores per inch, or a wire mesh filter with an opening size of about 1 millimeter.

When the metal is poured from the heating vessel 42 into the crucible 46, the
removable closure 56 is in place closing the porous plug 54. The crucible 46 is then
tilted so that the cylindrical axis 48 is vertical with the removable closure 56 in place, as
illustrated in Figure 5. The removable closure 56 is thereafter removed, so that liquid
metal flows through the porous plug 54, as illustrated in Figure 6, and drains under its
own metallostatic head. Regardless of the weight fraction solids content of the mixture
prior to removal of the liquid metal in this step, if the crucible is allowed to drain under
its own metallostatic head, the final solid loading achieved is approximately the same at
about 45 weight percent solids, and is such that the mixture forms a free-standing mass.

Figure 7 illustrates the semi-solid structure of the metallic alloy at the end of
step 26, before removal of some of the liquid phase from the alloy, and Figure 8
illustrates the solid-enriched semi-solid structure of the metallic alloy at the end of
step 28, after some of the liquid phase has been removed. In each case, there are non-
dendritic, globular solid masses of solid phase 60 dispersed in the liquid phase 62. The
difference is that the weight fraction of solid phase 60 is lower initially (Figure 7) but
then increases (Figure 8) upon removal of liquid phase 62. The metallic alloy, held at a
constant temperature T,, is thereby concentrated relative to the amount of solid phase
that is present in step 26, without changing the temperature of the metallic alloy.

Preferably, the semi-solid structure has less than about 50 percent, most
preferably from about 20 to about 35 percent, by weight of the solid phase 60 at the end
of step 26. This relatively low weight fraction of solid phase 60 ensures that the solid
phase 60 is surrounded by copious amounts of liquid phase 62, so that the solid phase 60
may grow and ripen to a desirable fine-grained globular structure. The weight fraction of
solid phase 60 in the solid-enriched semi-solid structure increases to from about 35 to
about 55 percent, most preferably about 45 weight percent, by the step 28.

In determining the weight fractions of solids discussed in the preceding
paragraph, a specific procedure is used. The value of T} is first selected, and the value of
T\-Ty is calculated. An equivalent starting temperature T, M4 is calculated as 660°C +
(T\-TL). The superheat of an amount of pure aluminum, equal in weight to that of the
quantity of aluminum alloy to be processed, in cooling from TM% to 660°C is
calculated. The change in enthalpy of the crucible in heating from its starting

temperature T¢ (usually room temperature) to 660°C is calculated, corrected for the
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amount of heat lost from the surface of the crucible during the time the molten alloy is in
the crucible. An enthalpy balance using the latent heat of fusion of pure aluminum 1s
used to calculate to amount of solid pure aluminum formed at the end of that time. For
the present purposes, this quantity is taken as equal to the amount of solids formed in the
alloy on initial cooling. The weight fraction of solids in the semi-solid mass atter
draining the liquid is determined from the amount of liquid alloy removed compared to
the total amount of material original present. The volume fractions may be determined
from the weight fraction using solid and liquid densities. The density of the solid is about
2.65 grams per cubic centimeter, and the density of the liquid is about 2.3 grams per
cubic centimeter.

This liquid-removal step 28 leads to a change in the elemental composition of the
alloy, because the liquid phase will be either deficient (if a positive slope to the liquidus,
Figure 3) or enriched (if a negative slope to the liquidus, Figure 2) in solute elements.
The initial bulk composition may be adjusted, if desired, to compensate for this change.
For example, it has been found that for conditions under which 30 percent by weight
solids are formed and liquid is removed to reach 45 weight percent solids, an
aluminum-8 weight percent silicon alloy is used to produce a final product having a
composition of aluminum-7 weight percent silicon.

At this weight fraction of solid phase, the metallic alloy becomes a self-
supporting mass 64, as illustrated in Figure 9. That is, the behavior of the mass 64 1s
sufficiently similar to a solid that it may be removed from the crucible 46 and handled,
without disintegration. The mass 64 may then be used immediately for further
processing. The mass 64 may instead may be further cooled to increase the volume
fraction of solids present prior to subsequent processing, thereby increasing the rigidity of
the mass 64 for handling. Another alternative is to allow the mass 64 to cool further, so
that the remaining liquid solidifies, and later reheat the mass into the semi-solid range tor
further processing.

The metallic alloy is thereafter formed into a shape, numeral 30. The preferred
forming approach is high-pressure die casting, using an apparatus like that of Figure 10.
The self-supporting mass 64 is placed into a die sleeve 70 with a plunger 72 on one end
and a channel 74 on the other end leading to a mould 76. An interior surface 78 of the
mould 76 defines a die cavity 80 in the shape to be formed. The plunger 72 s moved (to
the right in Figure 10) to force the material of the self-supporting mass 64 into the die
cavity 80. The high-pressure die casting is performed at a temperature above Ts and
below Ty, typically at Ta. The shape in the die cavity is allowed to cool below Ts, and
usually to room temperature, completing the fabrication. Other operable techniques tor

forming the shape, such as squeeze casting, may also be used.
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The following examples illustrate aspects of the invention. They should not,

however, be interpreted as limiting of the invention in any respect.

EXAMPLE 1

Using the apparatus and procedure described above, a semi-solid version of A356
alloy was produced. About 2.8 kilograms of A356 alloy at 660°C was transferred to a
crucible at room temperature, 25°C. (About 0.01 percent titanium grain refiner was
added to the A356 alloy as a 5:1 titanium:boron grain refiner rod.) The crucible had an
inside diameter of 9 cm (3.5 inches) and a length of 25 cm (10 inches). The crucible was
made of 16 gauge steel tube and weighed 956 grams. The metal was swirled in the
crucible for 60 seconds, and then the removable closure was removed to allow the liquid
to drain for 45 seconds. The freestanding solid product was thereafter removed from the
crucible and measured. This test was run three times on three fresh lots of the A356

alloy. Test results for the mass balance are as follows.

Table 1

Mass Balance

(grams) solids

— —
Wt. product Weight filtrate Yield Total | Weight
Test Weight | percent
(grams) (grams) (percent)

| 1979 70 2839 45

860

The chemical compositions of the starting material, the product, and the filtrate

were determined using optical emission spectroscopy. In order to obtain samples suitable
for analysis the products and the filtrates were each remelted and samples cast as disks.

The results follow.

l
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Table 2
Composition (Weight Percent)

Starting Composition Product Filtrate
Test | | 2 3 1 | L2 ] 3]

Si 726 | 7.18 | 691 | 636 | 6.43 6.52 | 8.58 8.72 8.83
Mg 037 | 0.35 | 0.32 044 | 0.44 0.46
' Fe | 0.045]0045[0044] 0040 | 0.041 | 0043 [ 0.056 | 0.057 | 0.059

Ti 0.16 | 0.16 ' 0.15 | 0.073 | 0.068 | 0.063 |

5 EXAMPLE 2

Example 1 was repeated, except that AA6061 alloy (with the same grain refiner
addition as described in Example 1) was used and the quantity of alloy was heated to
700°C before pouring. Test results for the mass balance are as follows.

10

Table 3
Mass Balance
| Test | Wt product |  Weight filrate | Yield (%) | Total [ Weight |
(grams) (grams) | | Weight | percent
(grams) solids
A 2101 640 77 2741 43
S 2045 720 74 2765 | 41
K 2200 | 670 77 2870 41
Table 4
15 Composition (Weight Percent)
Starting Composition Product Filtrate
5 [ 6 4 5 6 4 5 6
Si | 051 | 051 | 051 | 045 | 044 | 048 | 073 | 063 | 0.68 |

Mg | 0.88 | 0.90 | 090 | 0.80 | 081 | 0.87 1.03 | 1.09
Fe 0.15 | 0.16 | 0.15 | 014 | 0.13 | 0.15 | 022 | 020 | 0.21
Cu | 023 020 | 030 | 0.28 | 0.29

Ti 0.17 0.029 | 0.073 | 0.042
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The results of Tables 2 and 4 illustrate the general manner in which the
composition of a modified alloy composition may be determined, such that, when
processed by the approach described herein and used in the Examples, the resulting
product has a desired base alloy composition. In Table 2, Test 1, the silicon content of
the starting material is about 7.26 percent, and the silicon content of the product is about
6.36 percent. That is, the silicon content decreases about 0.9 percent between the starting
composition and the product. To achieve a product having 7.26 weight percent of silicon,
it would be necessary to start with a modified alloy composition of about 7.26 + 0.9, or
about 8.16 weight percent silicon.

A similar calculation may be used for the other elements. The percentages of
some of the elements decrease from the starting composition to the final product, while
others (e.g., titanium in this case) increase. This simple calculational example assumed a
linear change in alloying compositions. To be more precise, the approach of the
Examples could be repeated with the modified alloy compositions as the starting
material, and the final product analyzed to determine whether the linear calculation was
correct. That is, the procedure could be performed recursively. However, in many cases
a single procedure such as that of the examples will yield the required composition of the
modified alloy to sufficient accuracy.

Although a particular embodiment of the invention has been described in detail
for purposes of illustration, various modifications and enhancements may be made

without departing from the scope of the following claims.
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CLAIMS

1. A method of processing a metallic alloy having a liquidus
temperature and a solidus temperature, the method comprising the steps of:

providing the metallic alloy having a semi-solid range between the liquidus
temperature and the solidus temperature of the metallic alloy;

heating the metallic alloy to an initial metallic alloy elevated temperature
above the liquidus temperature to fully melt the alloy;

reducing the temperature of the metallic alloy from the initial metallic alloy
elevated temperature to a semi-solid temperature below the liquidus temperature
and above the solidus temperature;

maintaining the metallic alloy at the semi-solid temperature for a period of
time to produce a semi-solid structure in the metallic alloy of a globular solid phase
dispersed in a liquid phase;

removing at least some, but not all, of the liquid phase present in the semi-
solid structure of the metallic alloy to form a solid-enriched semi-solid structure of
the metallic alloy; and

casting the metallic alloy having the solid-enriched semi-solid structure,

into a shape.

2. A method according to claim 1, wherein said at least some, but not
all, of the liquid phase present in the semi-solid structure of the metallic alloy is
removed by draining said liquid under 1ts own metallostatic head to form said

solid-enriched semi-solid structure of the metallic alloy.

3. A method according to claim 1, wherein a temperature rate of
weight fraction change of the alloy 1s in excess of about 2 weight percent per

degree Centigrade at the semi-solid temperature.
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4, A method according to claim 1, wherein the metallic alloy is an
aluminum alloy.
5. A method according to claim 1, claim 2 or claim 3, wherein the

metallic alloy 1s mixed with a solid reinforcement phase.

6. A method according to any one of claims 1 to 5, wherein the step of
reducing the temperature includes the steps of:

providing a crucible at a crucible 1nitial temperature below the solidus
temperature,;

pouring the metallic alloy into the crucible; and

allowing the metallic alloy and the crucible to reach a thermal equilibrium
at a temperature between the liquidus temperature and the solidus temperature of

the metallic alloy.

7. A method according to any one of claims 1 to 5, wherein the step of
reducing the temperature includes the step of:
pouring the metallic alloy into a crucible, and wherein the metallic alloy

within the crucible 1s swirled during the step of pouring.

8. A method according to any one of claims 1 to 7, wherein the step of
maintaining the metallic alloy at the semi-solid temperature includes the step of:
maintaining the metallic alloy at the semi-solid temperature for a time of

more than about 1 second and less than about 5 minutes.

9. A method according to any one of claims 1 to 8, wherein the step of
removing some, but not all, of the liquid phase includes the step of:
contacting the metallic alloy having the semi-solid structure with a filter

that permits the liquid phase but not the solid phase to pass therethrough.
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10. A method according to claim 1, wherein the semi-solid structure
prior to removing some, but not all, of the liquid phase has less than about 50
welght percent solid phase, and wherein the step of removing some, but not all, of
the liquid phase includes the step of:

removing liquid phase until the solid-enriched semi-solid structure has from

about 35 to about 55 weight percent solid phase.

11. A method according to claim 10, wherein the solid-enriched semi-

solid structure is a free-standing mass.

12. A method according to any one of claims 1 to 11, wherein the semi-
solid structure prior to removal of some, but not all, of the liquid phase has from
about 20 to about 35 weight percent solid phase, and wherein the step of removing

some, but not all, of the liquid phase includes the step of:

removing liquid phase until the solid-enriched semi-solid structure has

about 45 weight percent solid phase.

13. A method according to any one of claims 1 to 12, wherein the step
of forming into a shape includes the steps of:
placing the metallic alloy having the solid-enriched semi-solid structure into

a die casting machine; and

die casting the metallic alloy having the solid-enriched semi-solid structure.

14. A method according to any one of claims 1 to 13, including an
additional step, after the step of removing some, but not all, of the liquid phase, and
prior to the step of forming into a shape, of:

reducing the temperature of the solid-enriched semi-solid structure to

increase a volume fraction of solids present.
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15. A method for processing a metallic alloy having a liquidus
temperature and a solidus temperature, the method comprising the steps of:
providing the metallic alloy having a semi-solid range between the liquidus
temperature and the solidus temperature of the metallic alloy;
heating the metallic alloy to an initial metallic alloy elevated temperature
above the liquidus temperature;
reducing the temperature of the metallic alloy from the initial metallic alloy
elevated temperature to a semi-solid temperature below the liquidus temperature
and above the solidus temperature, wherein the step of reducing the temperature
includes the steps of:
providing a crucible at a crucible 1nitial temperature below the
solidus temperature;
pouring the metallic alloy into the crucible; and
allowing the metallic alloy and the crucible to reach a thermal
equilibrium at a temperature between the liquidus temperature and the
solidus temperature of the metallic alloy; and
maintaining the metallic alloy at the semi-solid temperature for a
period of time to produce a semi-solid structure in the metallic alloy of a

globular solid phase dispersed 1n a liquid phase.

16. A method according to claim 15, wherein said crucible has a
predetermined thermal mass and an 1nitial temperature, and a predetermined
quantity of said metallic alloy 1s provided at a predetermined temperature above the
liquidus temperature of the alloy, said predetermined temperature, quantity, mass
and initial temperature being selected such that said temperature at which said

thermal equilibrium 1s reached is between the liquidus and solidus temperatures of

the alloy.
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17. A method according to claim 15, wherein a temperature rate of
weight fraction change of the alloy is in the range of about 2 weight percent per

degree Centigrade at the semi-solid temperature.

18. A method according to claim 15, claim 16, or claim 17, wherein the

metallic alloy is an aluminum alloy.

19. A method according to any one of claims 15 to 18, wherein the

metallic alloy is mixed with a solid reinforcement phase.

20. A method according to any one of claims 15 to 19, wherein the step

of reducing the temperature includes the step of:

pouring the metallic alloy into a crucible, and wherein the metallic alloy

within the crucible 1s swirled during the step of pouring.

21. A method according to any one of claims 15 to 20, wherein the step
of maintaining the metallic alloy at the semi-solid temperature includes the step of:
maintaining the metallic alloy at the semi-solid temperature for a time of

more than about 1 second and less than about 5 minutes.

22. A method according to any one of claims 15 to 21, including an

additional step, after the step of maintaining the metallic alloy at the semi-solid

temperature, of:

forming the metallic alloy having the solid-enriched semi-solid structure

Into a shape.

23. A method according to any one of claims 15 to 22, including an
additional step, after the step of maintaining the metallic alloy at the semi-solid

temperature, of:
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placing the metallic alloy having the solid-enriched semi-solid structure 1nto

a die casting machine; and

die casting the metallic alloy having the solid-enriched semi-solid structure.

24. A method according to any one of claims 15 to 23, including an
additional step, after the step of maintaining the metallic alloy at the semi-solid

temperature, of:
removing at least some, but not all, of the liquid phase present in the semi-

solid structure of the metallic alloy to form a solid-enriched semi-solid structure ot
the metallic alloy, by a procedure including contacting the metallic alloy having the
semi-solid structure with a filter that permits the liquid phase but not the solid

phase to pass therethrough.

25. A method according to claim 24, wherein the semi-solid structure
prior to the removal of some, but not all, of the liquid phase has less than about 50
weight percent solid phase, and wherein the step of removing some, but not all, of
the liquid phase includes the step of:

removing liquid phase until the solid-enriched semi-solid structure has from

about 35 to about 55 weight percent solid phase.

26. A method according to claim 24 or claim 25, wherein the solid-

enriched semi-solid structure is a free-standing mass.

27. A method according to claim 24 or claim 25, wherein the solid-
enriched semi-solid structure has from about 20 to about 35 weight percent solid
phase, and wherein the step of removing some, but not all, of the liquid phase

includes the step of:
removing liquid phase until the solid-enriched semi-solid structure has

about 45 weight percent solid phase.
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