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US 9,462,640 B2 
1. 

MELTING AND MIXING OF MATERALS IN 
A CRUCIBLE BY ELECTRIC INDUCTION 

HEEL PROCESS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a divisional application of application Ser. No. 
12/268,846, filed Nov. 11, 2008, which application claims 
the benefit of U.S. Provisional Application No. 60/988,783, 
filed Nov. 17, 2007, both of which applications are hereby 
incorporated herein by reference in their entireties. 

FIELD OF THE INVENTION 

The present invention relates to electric induction melting 
and mixing of materials that are in a non-electrically con 
ductive state when gradually added to an induction refrac 
tory crucible initially holding a heel, or bottom layer, of 
electrically conductive molten material. 

BACKGROUND OF THE INVENTION 

Batch and heel are two types of electric induction pro 
cesses for heating and melting of electrically conductive 
materials. In the batch process, a crucible is filled with a 
batch of electrically conductive solid charge that is melted 
by electric induction and then emptied from the crucible. In 
the heel process, a molten heel (bottom pool) of electrically 
conductive material is always maintained in the crucible 
while solid electrically conductive charge is added to the 
heel in the crucible and then melted by electric induction. 
Inductively heating and melting by the heel process when 
the material is non-electrically conductive in the solid state 
and electrically conductive in the molten state (referred to as 
a transition material). Such as silicon, is problematic in that 
addition of Solid non-electrically conductive charge to the 
molten heel must be adequately melted and mixed so that the 
added solid charge does not accumulate to form aggregate 
non-electrically conductive solid masses in, or over, the 
surface of the molten material. 

It is one object of the present invention to provide 
apparatus for, and method of heating and melting of a 
material that is non-electrically conductive in the solid state 
and electrically conductive in the molten state in a heel 
electric induction heating and melting process. 

BRIEF SUMMARY OF THE INVENTION 

In one aspect the present invention is apparatus for, and 
method of electric induction heating and melting of a 
transition material that is non-electrically conductive in the 
Solid State and is electrically conductive in the non-Solid 
state in a heel electric induction heating and melting process. 
Multiple coils are provided around the height of the crucible, 
which contains a heel of molten transition material at the 
start of the melting process. Initially, relatively high mag 
nitude, in-phase melting power at a relatively high fre 
quency is sequentially Supplied to each coil from one or 
more power supplies until the crucible is filled with transi 
tion material. When the crucible is substantially filled with 
transition material, the output frequency of the one or more 
power Supplies is lowered to a stirring frequency along with 
the magnitude of the output power, while an out-of-phase 
relationship is established between the output voltages of the 
power Supplies to achieve a preferred electromagnetic stir 
pattern. 
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2 
The above and other aspects of the invention are set forth 

in this specification and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The appended drawings, as briefly Summarized below, are 
provided for exemplary understanding of the invention, and 
do not limit the invention as further set forth in this speci 
fication: 

FIGS. 1 and 20a) are simplified diagrams of one example 
of the present invention utilizing three separate induction 
coils (shown in cross section) wound around the exterior of 
a crucible, and FIG. 2(b) is a vector diagram illustrating 
phase relationships for Voltage outputs of power Supplies 
used in the example to achieve a preferred electromagnetic 
stir pattern. 

FIGS. 3 and 4(a) are simplified diagrams of another 
example of the present invention utilizing two separate 
induction coils (shown in cross section) wound around the 
exterior of a crucible, and FIG. 4(b) is a vector diagram 
illustrating phase relationships for Voltage outputs of power 
Supplies used in the example to achieve a preferred electro 
magnetic stir pattern. 

FIGS. 5 and 6(a) are simplified diagrams of another 
example of the present invention utilizing four separate 
induction coils (shown in cross section) wound around the 
exterior of a crucible, and FIG. 6(b) is a vector diagram 
illustrating phase relationships for Voltage outputs of power 
Supplies used in the example to achieve a preferred electro 
magnetic stir pattern. 

FIG. 7 and FIG. 8 are simplified diagrams of another 
example of the present invention utilizing three separate 
induction coils (shown in cross section) wound around the 
exterior of a crucible. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring to FIG. 1 and FIG. 2(a), in one non-limiting 
example of the present invention, refractory crucible 12 is 
exteriorly surrounded by lower volume induction coil 14a, 
central Volume induction coil 14b and upper Volume induc 
tion coil 14c. Interior lower volume A of the crucible is 
generally the interior region of the crucible surrounded by 
lower volume induction coil 14a, interior central volume B 
of the crucible is generally the interior region of the crucible 
surrounded by central volume induction coil 14b, and inte 
rior upper volume C of the crucible is generally the interior 
region of the crucible Surrounded by upper Volume induction 
coil 14c. The approximate boundaries of each interior vol 
ume are indicated by dashed lines in the figures. Lower 
Volume induction coil 14a is disposed around at least the 
minimum level of operating heel of material to be generally 
maintained in the furnace. Separate power supplies 16a, 16b 
and 16c Supply ac power to each of the lower, central and 
upper induction coils, respectively. Each power Supply may 
comprise, for example, a converter/inverter that rectifies ac 
utility power to dc power, which dc power is converted to ac 
power with suitable characteristics for connection to one of 
the induction coils. In operation, starting with only the heel 
of molten transition material in the crucible, power Supply 
16a operates at a relatively high frequency, f, for example 
120 Hertz in this non-limiting example, and at a relatively 
high power output, for example full output Voltage (power) 
rating (normalized as 1.0), as charge is added to the crucible. 
Charge of Solid and/or semi-solid transition material is 
gradually added to the heel of material in the crucible. For 
example, the starting heel of molten transition material may 
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represent 20 percent of the full (100 percent) capacity of the 
crucible. If the transition material is silicon, added charge 
may be in the form of silicon granules, or other forms of 
metallurgical grade silicon, and the heel of molten silicon is 
kept at or above its melting temperature (nominally 1,450° 
C.) by flux coupling with the magnetic field created by 
current flow through induction coil 14a. When sufficient 
charge has been added to at least partially occupy central 
volume B of the crucible, the output of power supply 16b is 
applied to central volume induction coil 14b at substantially 
the same frequency, f, as the output of power Supply 16a, 
and at Substantially the same relatively high power output as 
that for power supply 16a. Voltage outputs for power 
Supplies 16a and 16b are synchronized in-phase. The mag 
netic field created by current flow through induction coil 14b 
couples with silicon in the central volume of the crucible to 
inductively heat the silicon primarily in the central volume. 
When sufficient charge has been added to at least partially 
occupy upper volume C of the crucible, the output of power 
Supply 16c is applied to upper Volume induction coil 14c at 
Substantially the same frequency, f, as the outputs of power 
supplies 16a and 16b, and at substantially the same rela 
tively high power output as that for power Supplies 16a and 
16b, with the voltage outputs of the three power supplies 
operating in-phase. The magnetic field created by current 
flow through induction coil 14c couples with silicon in the 
upper volume of the crucible to inductively heat the silicon 
primarily in the upper Volume. The above operating condi 
tions for this non-limiting example of the invention are 
summarized in the following table: 

output phase 
output power magnitude relationships of 

frequency (normalized) output voltages 

power Supply 16a f 1.O in-phase 
power supply 16b f 1.O in-phase 
power Supply 16c f 1.O in-phase 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
resented by exemplary flow lines 92a (shown in dashed 
lines) in FIG. 1, which is a double vortex ring, or toroidal 
vortex, flow pattern with separate vortex rings in the lower 
and upper halves of the crucible. 

After the crucible is substantially filled with solid and/or 
semi-solid charge of transition material to a level that 
includes at least a part of upper crucible volume C, the 
output frequency of all three power Supplies can be lowered 
to the same frequency, which is lower than f, for example, 
f=0.5f (60 Hertz in this non-limiting example) with all 
three power Supplies operating at a reduced Voltage (power) 
output, for example 0.5 normalized power output, with 120 
degrees out-of-phase Voltage orientations as illustrated by 
the vector diagram in FIG. 2(b). The above operating 
conditions for this non-limiting example of the invention are 
summarized in the following table: 

output power 
output magnitude phase relationships of 

frequency (normalized) output voltages 

power Supply 16a 0.5f O.S 120 degrees phase shift 
power supply 16b 0.5f O.S 120 degrees phase shift 
power Supply 16c 0.5f. O.S 120 degrees phase shift 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
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4 
resented by exemplary flow lines 92b (shown in dashed 
lines) in FIG. 2(a) to create a single Vortex ring flow pattern 
in the crucible with a downward flow pattern about the 
poloidal (circular) axis Z of the ring, or counterclockwise 
poloidal rotation. With this flow pattern, remaining solid or 
semi-solid transition material from the charge in the crucible 
will be drawn downwards around the poloidal axis of the 
ring in the central vertical region of the interior of the 
crucible and upwards along the inner walls of the crucible to 
rapidly melt any of the remaining solid or semi-solid tran 
sition material 94 from the charge added to the heel of 
material in the crucible. The poloidal rotation may be 
reversed to clockwise by reversing the phase rotation of the 
power Supplies; that is, the A-C-B phase rotation for coun 
terclockwise poloidal rotation can be changed to A-B-C 
phase rotation for clockwise poloidal rotation. In some 
examples of the invention, alternating or jogging back and 
forth between the counterclockwise and clockwise direc 
tions may be preferable for at least some of the stirring time 
period to assist in melting and stirring of the added charge. 

After melting all added transition charge material, molten 
transition material may be extracted from the crucible by 
any Suitable extraction process, such as, but not limited to, 
bottom pour through a reclosable tap in the crucible, tilt pour 
by Suitable crucible tilting apparatus, or pressure pour by 
enclosing the crucible and forcing molten material from the 
crucible out of a passage by applying positive pressure to the 
volume of molten material in the crucible, while leaving a 
required heel of molten transition material in the crucible to 
be used at the start of the next charge melting process. 

Alternatively the molten transition material may be direc 
tionally solidified in the crucible by removing power 
sequentially from the lower, central and upper Volume 
induction coils so that the mass of molten silicon in the 
crucible solidifies from bottom to top. 
By way of example and not limitation, in Some examples 

of the invention, power supplies 16a, 16b and 16c may 
operate alternatively only: either with fixed output frequency 
f, high output Voltage (power) magnitude and phase Syn 
chronized for melting of transition material; or with fixed 
output frequency f, low output voltage (power) magnitude 
and 120 degrees shift between phases for stirring of transi 
tion material. In other examples of the invention, the three 
power Supplies may be replaced with a single three phase 
power supply with 120 degrees shift between phases and 
connection of each phase to one of the three coils for stirring. 
For the above example, since the stir frequency f. is in the 
range of nominal utility frequency (50 to 60 Hertz), the stir 
power supply may be derived from a utility source with 
phase shifting, if required. A Suitable Switching arrangement 
may be provided for switching the outputs of the single three 
phase Supply with a source of in-phase power to the three 
induction coils to transition from primarily stirring to melt 
ing. For example in FIG. 7 during the process step when 
charge is being added to the crucible, all three induction 
coils can be connected to the common single phase output of 
single high power, high frequency output power Supply 16' 
via switches S. S. and S. After a crucible batch of 
transition material has been added to the crucible, the 
positions of Switches S. S. and S can be changed so that the 
three induction coils are connected to a three phase utility 
power source 16" as shown in FIG. 8. In other examples of 
the invention, the power Supplies may be arranged to alter 
nate between the melting and stirring states. 

In another example of the present invention, referring to 
FIG. 3 and FIG. 4(a), refractory crucible 12 is exteriorly 
Surrounded by lower Volume induction coil 24a and upper 
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volume induction coil 24b. Interior lower volume D of the 
crucible is generally the interior region of the crucible 
surrounded by lower volume induction coil 24a, and interior 
upper volume E of the crucible is generally the interior 
region of the crucible Surrounded by upper Volume induction 
coil 24b. The approximate boundaries of each interior vol 
ume are indicated by dashed lines in the figures. Lower 
Volume induction coil 24a is disposed around at least the 
minimum level of operating heel of material to be generally 
maintained in the furnace. Separate power Supplies 26a and 
26b supply ac power to each of the lower and upper 
induction coils, respectively. Each power Supply may com 
prise, for example, a converter/inverter that rectifies ac 
utility power to dc power, which dc power is converted to ac 
power with suitable characteristics for connection to one of 
the induction coils. In operation, starting with only the heel 
of molten transition material in the crucible, power Supply 
26a operates at a relatively high frequency, f, for example 
120 Hertz in this non-limiting example, and at a relatively 
high power output, for example full output voltage (power) 
rating (normalized as 1.0), as charge is added to the crucible. 
Charge of Solid and/or semi-solid transition material is 
gradually added to the heel of material in the crucible. For 
example, the starting heel of molten transition material may 
represent 20 percent of the full (100 percent) capacity of the 
crucible. If the transition material is silicon, added charge 
may be in the form of silicon granules, or other forms of 
metallurgical grade silicon, and the heel of molten silicon is 
kept at or above its melting temperature (nominally 1,450° 
C.) by flux coupling with the magnetic field created by 
current flow through induction coil 24a. When sufficient 
charge has been added to at least partially occupy upper 
volume E of the crucible, the output of power supply 26b is 
applied to upper Volume induction coil 24b at Substantially 
the same frequency, f, as the output of power Supply 26a, 
and at Substantially the same relatively high power output as 
that for power supply 26a. Voltage outputs for power 
Supplies 26a and 26b are synchronized in-phase. The mag 
netic field created by current flow through induction coil 24b 
couples with silicon in the upper volume of the crucible to 
heat the silicon primarily in the upper Zone. The above 
operating conditions for this non-limiting example of the 
invention are summarized in the following table: 

output phase 
output power magnitude relationships of 

frequency (normalized) output voltages 

power Supply 26a. f 1.O in-phase 
power supply 26b f 1.O in-phase 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
resented by exemplary flow lines 92a (shown in dashed 
lines) in FIG. 3, which is a double vortex ring flow pattern 
with separate Vortex rings in the lower and upper halves of 
the crucible. 

After the crucible is filled with solid and/or semi-solid 
charge of transition material to a level that includes at least 
a part of upper crucible Volume E, the output frequency of 
both power Supplies can be lowered to the same frequency, 
which is lower than f, for example, f, 0.5f (60 Hertz in 
this non-limiting example) with both power Supplies oper 
ating at a reduced voltage (power) output, for example 0.5 
normalized power output, with 90 degrees out-of-phase 
Voltage orientations as illustrated by the vector diagram in 
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6 
FIG. 4(b). The above operating conditions for this non 
limiting example of the invention are Summarized in the 
following table: 

output power 
output magnitude phase relationships of 

frequency (normalized) output voltages 

power Supply 26a. 0.5f O.S 90 degrees phase shift 
power supply 26b 0.5f O.S 90 degrees phase shift 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
resented by exemplary flow lines 92b (shown in dashed 
lines) in FIG. 4(a) to create a single Vortex ring flow pattern 
in the crucible with a downward flow pattern about the 
poloidal (circular) axis Z of the ring, or counterclockwise 
poloidal rotation. With this flow pattern, remaining solid or 
semi-solid transition material from the charge in the crucible 
will be drawn downwards around the poloidal axis of the 
ring in the central vertical region of the interior of the 
crucible and upwards along the inner walls of the crucible to 
rapidly melt any of the remaining solid or semi-solid tran 
sition material 94 from the charge added to the heel in the 
crucible. The poloidal rotation may be reversed to clockwise 
by reversing the phase rotation of the power Supplies; that is, 
the B-A phase rotation for counterclockwise poloidal rota 
tion can be changed to A-B phase rotation for clockwise 
poloidal rotation. In some examples of the invention, alter 
nating or jogging back and forth between the counterclock 
wise and clockwise directions may be preferable for at least 
Some of the stirring time period to assist in melting and 
stirring of the added charge. 

After melting all added transition charge material, molten 
transition material may be extracted from the crucible by 
any Suitable extraction process, such as, but not limited to, 
bottom pour through a reclosable tap in the crucible, tilt pour 
by Suitable crucible tilting apparatus, or pressure pour by 
enclosing the crucible and forcing molten material from the 
crucible out of a passage by applying positive pressure to the 
volume of molten material in the crucible, while leaving a 
required heel of molten transition material in the crucible to 
be used at the start of the next charge melting process. 

Alternatively the molten transition material may be direc 
tionally solidified in the crucible by removing power 
sequentially from the lower and upper Volume induction 
coils so that the mass of molten silicon in the crucible 
solidifies from bottom to top. 
By way of example and not limitation, in Some examples 

of the invention, power Supplies 26a and 26b may operate 
alternatively only: either with fixed output frequency f. 
high output Voltage (power) magnitude and phase synchro 
nized for melting of transition material; or with fixed output 
frequency f, low output voltage (power) magnitude and 90 
degrees shift between phases for stirring of transition mate 
rial. In other examples of the invention, the two power 
Supplies may be replaced with a single two phase power 
supply with 90 degrees shift between phases and connection 
of each phase to one of the two coils for stirring. For the 
above example, since the stir frequency f. is utility fre 
quency, 60 Hertz, the stir power supply may be derived from 
a utility source with phase shifting, if required. A Suitable 
Switching arrangement may be provided for Switching the 
outputs of the single two phase Supply with a source of 
in-phase power to the two induction coils to transition from 
primarily stirring to melting. In other examples of the 
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invention, the power Supplies may be arranged to alternate 
between the melting and stirring states. 

In another example of the present invention, referring to 
FIG. 5 and FIG. 6(a), refractory crucible 12 is exteriorly 
surrounded by first quadrant volume induction coil 34a, 
second quadrant Volume induction coil 34b, third quadrant 
volume induction coil 34c, and fourth quadrant volume 
induction coil 34d. Interior first quadrant volume K of the 
crucible is generally the interior region of the crucible 
surrounded by first quadrant volume induction coil 34a, 
interior second quadrant Volume L of the crucible is gener 
ally the interior region of the crucible surrounded by second 
quadrant Volume induction coil 34b, interior third quadrant 
volume M of the crucible is generally the interior region of 
the crucible surrounded by third quadrant volume induction 
coil 34c, and interior fourth quadrant volume N of the 
crucible is generally the interior region of the crucible 
surrounded by fourth quadrant volume induction coil 34d. 
The approximate boundaries of each interior volume are 
indicated by dashed lines in the figures. First quadrant 
Volume induction coil 34a is disposed around at least the 
minimum level of operating heel to be generally maintained 
in the furnace. Power supplies 36a, 36b, 36c and 36d supply 
ac power to the first, second, third and fourth quadrant 
induction coils, respectively. Each power Supply may com 
prise, for example, a converter/inverter that rectifies ac 
utility power to dc power, which dc power is converted to ac 
power with suitable characteristics for connection to one of 
the induction coils. In operation, starting with only the heel 
of molten transition material in the crucible, power Supply 
36a operates at a relatively high frequency, f, for example 
120 Hertz in this non-limiting example, and at a relatively 
high power output, for example full output voltage (power) 
rating (normalized as 1.0), as charge is added to the crucible. 
Charge of Solid and/or semi-solid transition material is 
gradually added to the heel of material in the crucible. For 
example, the starting heel of molten transition material may 
represent 20 percent of the full (100 percent) capacity of the 
crucible. If the transition material is silicon, added charge 
may be in the form of silicon granules, or other forms of 
metallurgical grade silicon, and the heel of molten silicon is 
kept at or above its melting temperature (nominally 1,450° 
C.) by flux coupling with the magnetic field created by 
current flow through induction coil 34a. When sufficient 
charge has been added to at least partially occupy second 
quadrant volume L of the crucible, the output of power 
Supply 36b is applied to second quadrant Volume induction 
coil 34b at Substantially the same frequency, f, as the output 
of power supply 36a, and at substantially the same relatively 
high power output as that for power Supply 36.a. Voltage 
outputs for power supplies 36a and 36b are synchronized 
in-phase. The magnetic field created by current flow through 
induction coil 34b couples with silicon in the second quad 
rant volume of the crucible to inductively heat the silicon 
primarily in the second quadrant volume. When sufficient 
charge has been added to at least partially occupy third 
quadrant volume M of the crucible, the output of power 
Supply 36c is applied to third quadrant Volume induction coil 
34c at Substantially the same frequency, f, as the outputs of 
power supplies 36a and 36b, and at substantially the same 
relatively high power output as that for power supplies 36a 
and 36b, with the voltage outputs of the three power supplies 
operating in-phase. The magnetic field created by current 
flow through induction coil 34c couples with silicon in the 
third quadrant volume of the crucible to inductively heat the 
silicon primarily in the third quadrant volume. When suffi 
cient charge has been added to at least partially occupy 
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8 
fourth quadrant volume N of the crucible, the output of 
power Supply 36d is applied to fourth quadrant Volume 
induction coil 34d at Substantially the same frequency, f, as 
the outputs of power supplies 36a, 36b and 36c, and at 
Substantially the same relatively high power output as that 
for power supplies 36a, 36b and 36c, with the voltage 
outputs of the four power Supplies operating in-phase. The 
magnetic field created by current flow through induction coil 
34d couples in the fourth quadrant volume of the crucible to 
inductively heat the silicon primarily in the fourth quadrant 
Volume. The above operating conditions for this non-limit 
ing example of the invention are Summarized in the follow 
ing table: 

output 
power magnitude 

(normalized) 

phase 
relationships of 
output voltages 

output 
frequency 

1.O 
1.O 
1.O 
1.O 

in-phase 
in-phase 
in-phase 
in-phase 

power Supply 36a f 
power supply 36b f 
power Supply 36c f 
power supply 36d f 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
resented by exemplary flow lines 92a (shown in dashed 
lines) in FIG. 5, which is a double vortex ring, or toroidal 
vortex, flow pattern with separate vortex rings in the lower 
and upper halves of the crucible. 

After the crucible is filled with solid and/or semi-solid 
charge of transition material to a level that includes at least 
a part of fourth quadrant crucible volume N, the output 
frequency of all four power supplies can be lowered to the 
same relatively low frequency, for example, f=0.5f (60 
Hertz in this non-limiting example) with all four power 
Supplies operating at a reduced Voltage (power) output, for 
example 0.5 normalized power output, with 90 degrees 
out-of-phase Voltage orientations as illustrated by the vector 
diagram in FIG. 6(b). The above operating conditions for 
this non-limiting example of the invention are summarized 
in the following table: 

output 
power magnitude phase relationships of 

(normalized) output voltages 
output 

frequency 

power Supply 36a 
power supply 36b 
power Supply 36c 
power supply 36d 

90 degrees phase shift 
90 degrees phase shift 
90 degrees phase shift 
90 degrees phase shift 

With the operating conditions identified in the above 
table, the induced electromagnetic stir pattern can be rep 
resented by exemplary flow lines 92b (shown in dashed 
lines) in FIG. 6(a) to create a single vortex ring flow pattern 
in the crucible with a downward flow pattern about the 
poloidal (circular) axis Z of the ring, or counterclockwise 
poloidal rotation. With this flow pattern, remaining solid or 
semi-solid transition material from the charge in the crucible 
will be drawn downwards around the poloidal axis of the 
ring in the central vertical region of the interior of the 
crucible and upwards along the inner walls of the crucible to 
rapidly melt any of the remaining solid or semi-solid tran 
sition material 94 from the charge added to the heel in the 
crucible. The poloidal rotation may be reversed to clockwise 
by reversing the phase rotation of the power Supplies; that is, 
the A-D-B-C phase rotation for counterclockwise poloidal 
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rotation can be changed to A-C-B-D phase rotation for 
clockwise poloidal rotation. In some examples of the inven 
tion, alternating or jogging back and forth between the 
counterclockwise and clockwise directions may be prefer 
able for at least some of the stirring time period to assist in 
melting and stirring of added charge. 

After melting all added transition charge material, molten 
transition material may be extracted from the crucible by 
any suitable extraction process, such as, but not limited to, 
bottom pour through a reclosable tap in the crucible, tilt pour 
by Suitable crucible tilting apparatus, or pressure pour by 
enclosing the crucible and forcing molten material from the 
crucible out of a passage by applying positive pressure to the 
volume of molten material in the crucible, while leaving a 
required heel of molten transition material in the crucible to 
be used at the start of the next charge melting process. 

Alternatively the molten transition material may be direc 
tionally solidified in the crucible by removing power 
sequentially from the first quadrant, second quadrant, third 
quadrant and fourth quadrant Volume induction coils so that 
the mass of molten silicon in the crucible solidifies from 
bottom to top. 
By way of example and not limitation, in Some examples 

of the invention, power supplies 36a, 36b, 36c and 36c may 
operate alternatively only: either with fixed output frequency 
f, high output Voltage (power) magnitude and phase Syn 
chronized for melting of transition material; or with fixed 
output frequency f, low output voltage (power) magnitude 
and 90 degrees shift between phases for stirring of transition 
material. In other examples of the invention, the four power 
Supplies may be replaced with a single four phase power 
supply with 90 degrees shift between phases and connection 
of each phase to one of the four coils for stirring. For the 
above example, since the stir frequency f. is utility fre 
quency, 60 Hertz, the stir power supply may be derived from 
a utility source with phase shifting, if required. A Suitable 
Switching arrangement may be provided for Switching the 
outputs of the single four phase Supply with a source of 
in-phase power to the four induction coils to transition from 
primarily stirring to melting. In other examples of the 
invention, the power Supplies may be arranged to alternate 
between the melting and stirring states. 

While the above examples of the invention comprise a 
specific number of induction coils and power Supplies, other 
quantities of induction coils and power Supplies may be used 
in the invention with suitable modification to particular 
arrangements. While each of the induction coils Surrounds 
an equal portion of the refractory crucible, in other examples 
of the invention, the portions of the refractory crucible 
Surrounded by each coil may be unequal so that each current 
flow in each coil may generate a magnetic field that couples 
with non-Solid transition material in unequal interior Vol 
umes of the crucible. 

The above examples of the invention have been provided 
for the purpose of explanation and are not limiting of the 
present invention. While the invention has been described 
with reference to various embodiments, the words used 
herein are words of description and illustration, rather than 
words of limitations. Although the invention has been 
described herein with reference to particular means, mate 
rials and embodiments, the invention is not intended to be 
limited to the particulars disclosed herein; rather, the inven 
tion extends to all functionally equivalent structures, meth 
ods and uses. Those skilled in the art, having the benefit of 
the teachings of this specification and the appended claims, 
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10 
may effect numerous modifications thereto, and changes 
may be made without departing from the scope of the 
invention in its aspects. 
The invention claimed is: 
1. A method of melting a crucible batch of a transition 

material by gradually adding a Solid or semi-solid charge of 
the transition material to a molten heel of the transition 
material in a crucible having a plurality of induction coils 
surrounding the exterior of the crucible, each one of the 
plurality of induction coils exclusively surrounding one of a 
plurality of partial interior volumes of the crucible, the 
lowest one of the plurality of partial interior volumes 
comprising a bottom interior Volume and the highest one of 
the plurality of partial interior Volumes comprising a top 
interior volume of the crucible, a first intermediate interior 
volume disposed above the bottom interior volume, and a 
second intermediate interior volume disposed above the first 
intermediate volume and below the top interior volume, 
each one of the plurality of induction coils connected to the 
output of a separate alternating current power source, the 
method comprising the steps of 

loading the molten heel of the transition material into at 
least a bottom portion of the bottom interior volume 
and adjusting the output of the separate alternating 
current power source connected to the one of the 
plurality of induction coils Surrounding the bottom 
interior Volume to a melting frequency and a melting 
power level to keep the molten heel of the transition 
material at least at the minimum melting temperature of 
the transition material; 

sequentially adding the solid or semi-solid charge of the 
transition material into at least a portion of each of the 
first intermediate interior volume and the second inter 
mediate interior volume above the bottom interior 
Volume while adjusting the output of the separate 
alternating current power source connected to the one 
of the plurality of induction coils surrounding the first 
intermediate interior Volume and the second interme 
diate interior volume to which the solid or semi-solid 
charge of the transition material is sequentially added 
to the melting frequency and the melting power level 
while synchronizing the phase of an output voltage of 
the separate alternating current power source connected 
to the one of the plurality of induction coils surround 
ing the first intermediate interior Volume and the Sec 
ond intermediate interior volume to which the solid or 
semi-solid charge of the transition material is sequen 
tially added with the phase of the output voltage of the 
separate alternating current power Source connected to 
the one of the plurality of induction coils surrounding 
the bottom interior volume; 

simultaneously adding the Solid or semi-solid charge of 
the transition material into at least a top portion of the 
top interior volume of the crucible subsequent to 
sequentially adding the Solid or semi-solid charge of 
the transition material into the first intermediate interior 
Volume and the second intermediate interior volume to 
form the crucible batch of a molten transition material 
and adjusting the output of the separate alternating 
current power source connected to the one of the 
plurality of induction coils Surrounding the top interior 
Volume to the melting frequency and the melting power 
level while synchronizing the phase of the output 
Voltage of the separate alternating current power Source 
connected to the one of the plurality of induction coils 
surrounding the top interior volume with the phase of 
the output Voltage of the separate alternating current 
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source connected to the one of the plurality of induction 
coils surrounding the bottom interior volume; and 

simultaneously reducing the output of each one of the 
separate alternating current power sources to a stirring 
frequency and a stirring power level while phase shift 
ing the output voltages of each of the separate alter 
nating current power sources to induce a unidirectional 
electromagnetic stirring of the crucible batch of the 
molten transition material in the crucible, the stirring 
frequency being lower than the melting frequency, and 
the stirring power level being lower than the melting 
power level. 

2. The method of claim 1 wherein a direction of rotation 
of phase shifting the output voltages of each of the separate 
alternating current power sources is repeatedly reversed so 
that the unidirectional electromagnetic stirring alternates 
between reversed flow directions. 

3. The method of claim 1 further comprising the step of 
sequentially removing the output of each one of the separate 
alternating current power sources from the bottom interior 
Volume to the top interior volume to directionally solidify 
the crucible batch of the molten transition material in the 
crucible. 

4. The method of claim 1 wherein the stirring frequency 
is one-half of the melting frequency and/or the stirring 
power level is one-half of the melting power level. 

5. The method of claim 1 wherein phase shifting the 
output Voltages of each of the separate alternating current 
power sources comprises a 90 degrees counterclockwise 
rotation sequential phase shifting between the output volt 
ages of each of the separate alternating current power 
Sources, or a 90 degrees clockwise-rotation sequential phase 
shifting between the output voltages of each of the separate 
alternating current power sources. 

6. A method of melting a crucible batch of a transition 
material by gradually adding a solid or semi-solid charge of 
the transition material to a molten heel of the transition 
material in a crucible having a lower induction coil exteri 
orly surrounding a bottom interior volume of the crucible, a 
first intermediate induction coil exteriorly surrounding a first 
intermediate interior volume of the crucible disposed above 
the bottom interior volume, a second intermediate induction 
coil exteriorly surrounding a second intermediate interior 
volume of the crucible disposed above the first intermediate 
induction coil, and an upper induction coil exteriorly sur 
rounding a top interior volume of the crucible disposed 
above the second intermediate induction coil, the lower, first 
intermediate, second intermediate, and upper induction coils 
separately connected to the outputs of a lower, first inter 
mediate, second intermediate and upper alternating current 
power sources, respectively, the method comprising the 
steps of: 

loading the molten heel of the transition material into at 
least a bottom portion of the bottom interior volume 
and adjusting the output of the lower alternating current 
power source to a melting frequency and a melting 
power level to keep the molten heel of the transitional 
material at least at the minimum melting temperature of 
the transition material; 

simultaneously adding the solid or semi-solid charge of 
the transition material into at least a first intermediate 
portion of the first intermediate interior volume of the 
crucible and adjusting the output of the first interme 
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12 
diate alternating current power source to the melting 
frequency and the melting power level while synchro 
nizing the phase of the output voltage of the first 
intermediate alternating current power source with the 
phase of the output voltage of the lower alternating 
current power source: 

simultaneously adding the solid or semi-solid charge of 
the transition material into at least a second interme 
diate portion of the second intermediate interior volume 
of the crucible and adjusting the output of the second 
intermediate alternating current power source to the 
melting frequency and the melting power level while 
Synchronizing the phase of the output voltage of the 
Second intermediate alternating current power source 
with the phase of the output voltage of the lower and 
first intermediate alternating current power sources; 

simultaneously adding the solid or semi-solid charge of 
the transitional material into at least a part of the top 
interior volume of the crucible to form the crucible 
batch of transition material and adjusting the output of 
the upper alternating current power source to the melt 
ing frequency and the melting power level while syn 
chronizing the phase of the output voltage of the upper 
alternating current power source with the phase of the 
output Voltages of the lower, first intermediate, and 
second intermediate alternating current power sources: 
and 

simultaneously reducing the outputs of the lower, first 
intermediate, second intermediate and upper alternat 
ing current power sources to a stirring frequency and a 
stirring power level while phase shifting the output 
Voltages of the lower, first intermediate, second inter 
mediate and upper alternating current power sources 
relative to each other, the stirring frequency being 
lower than the melting frequency, and the stirring 
power level being lower than the melting power level. 

7. The method of claim 6 wherein a direction of rotation 
of the phase shifting of the output voltages is repeatedly 
reversed so that the unidirectional stirring alternates between 
reversed flow directions of the crucible batch of the transi 
tion material in the crucible. 

8. The method of claim 6 further comprising of step of 
sequentially removing the output of the melting power 
Source or the at least one stirring power source from each 
one of the plurality of induction coils from the bottom to the 
top of the crucible to directionally solidify the crucible batch 
of transition material. 

9. The method of claim 6 wherein the stirring frequency 
is approximately one-half of the melting frequency and/or 
the stirring power is approximately one-half the melting 
power. 

10. The method of claim 6 wherein phase shifting the 
output Voltages of the lower, first intermediate, second 
intermediate and upper alternating current power sources 
comprises a 90 degrees counterclockwise-rotation sequen 
tial phase shifting between the output voltages of the lower, 
first intermediate, second intermediate and upper alternating 
current power sources, or a 90 degrees clockwise-rotation 
sequential phase shifting between the output voltages of the 
lower, first intermediate, second intermediate and upper 
alternating current power sources. 


