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(7) ABSTRACT

The present invention provides a method and apparatus for
die-casting copper and other metals that are cost-effective
and practical for production use in die-casting, for example,
copper motor rotors. In motor rotors, the incorporation of
die-cast copper for conductor bars and end rings in place of
aluminum is known to result in improvements in motor
energy efficiency. Previous attempts to die-cast copper
motor rotors in a commercially feasible manner have failed
because copper’s high melting point places too great a stress
on the die material, resulting in cracking and fracturing of
the molds. High temperature die materials such as nickel,
tungsten and molybdenum based alloys with a high melting
point are employed, and a die casting apparatus is provided
to pre-heat the molds prior to injection of the molten copper.
Pre-heating and high operating temperatures provide
extended die life. By preheating, the die materials experi-
ence reduced cyclic stresses associated with thermal
expansion, because the thermal shock that results from the
difference in temperature between the molten copper and the
surface of the mold is reduced, ideally below the yield
strength of the mold material. Extended die life provides the
opportunity for economically viable copper motor rotor
die-casting.

21 Claims, 6 Drawing Sheets
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APPARATUS AND METHOD FOR DIE
CASTING

FIELD OF THE INVENTION

The present invention relates to die casting and more
particularly to preheating components of the die when
casting in order to improve the process and life of the die
materials.

BACKGROUND OF THE INVENTION

Die-cast motor rotors are universally produced in alumi-
num by pressure die-casting. That is a well-established and
economical method. While copper possesses more attractive
conductivity properties, leading to significantly greater
motor efficiency, only small numbers of very large motors
utilize copper in the rotors by mechanical fabrication. Tool
steel molds that are used for the aluminum die-casting
process have proved to be entirely inadequate when casting
higher melting point metals including copper because they
lack long die-casting life-in-service as they are unable to
withstand the associated thermal stresses. Lack of a durable
and cost-effective mold material has been the technical
barrier preventing manufacture of the die-cast copper rotor,
as well as die-casting for other high melting point and high
heat capacity metals, such as stainless steel.

Die-casting, when it can be performed, is widely recog-
nized as a low cost manufacturing process. For these
reasons, die-casting has become the fabrication method of
choice and aluminum the conductor of choice in almost all
but the largest frame motors.

Die-cast copper rotors can provide advantages to motor
manufacture and/or performance in at least the following
ways: (i) improving motor energy efficiency in operation,
(i) reducing overall manufacturing cost, and (iii) reducing
motor weight. Motor efficiency is a measure of the amount
of power generated versus the amount of power input.
Motors losses result from at least primary (i.e. stator
winding) I°R loss (usually 34% to 39%), secondary (ie.
rotor) IR loss (usually 16% to 29%), iron (core), friction
and windage, and stray load. Since the late 1970s, when
many aluminum stator windings were replaced by copper,
there has been a focus on improving the operating efficiency
of motors. Newer motor designs have recently improved
efficiencies by increasing the amount of copper in windings,
additional core and copper coil size, reduced windage losses,
improved core steel, etc. However, the rotor remains die-cast
aluminum because aluminum has a relatively low melting
point of 660° C. (compared to 1081° C. for copper), and
therefore that does not pose a hazard to the integrity of the
mold, and because long-lived molds able to withstand
repeated high thermal stresses are either not available or not
commercialized.

Copper Conductive Rotors (“CCR’s”) reduce rotor loss,
in addition to achieving overall motor re-optimization of
iron, strays, etc. CCR-based designs show overall loss
reduction from 15% to 20%. Aside from the higher effi-
ciency (92.5% versus 91% for “premium” efficiency
motors), CCRs in today’s premium energy efficient (EE)
motors can cost approximately 5 to 8% less to manufacture
than the current comparable EE motor, and/or produce a
motor of comparable EE that weighs 5 to 10% less than the
same energy efficient motor with traditional aluminum core
rotors.

According to the study “Classification and Evaluation of
Electric Motors and Pumps” DOE/CS-0147 published Feb-
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ruary 1980, sponsored by the US Department of Energy,
motors above ¥ horsepower (“Hp”) used about 60% of the
electricity generated in the United States. When extrapolated
worldwide, the potential economic and environmental ben-
efits of improving the efficiency of motors by using copper
rotors in place of aluminum rotors are substantial. Medium
horsepower motors, that is, those in the one to one hundred
twenty five Hp range (approximately 0.75 to 100 kW range),
use about 60% of the electricity supplied to all motors in the
US. Because of the proliferation of electric motors in this
horsepower range, the projected energy savings by using the
copper rotor motor is a significant national consideration.
Efficiency increases (a function of motor size) from
improved electrical conductivity are projected to result in
total US energy savings in the year 2010 of 20.2 E+12 Btu/yr
at only 10% market penetration and 143 E+12 Btu/yr at a
market penetration of 50 to 70%.

CCR could be utilized to reduce rotor I°R losses in an
existing motor design, replacing the existing die-cast alu-
minum rotor, without re-designing the motor to include
more/better quality core, more stator windings, etc., which
are the existing methods of improving motor energy effi-
ciency in operation. CCR’s can be used in specific motors to
achieve a multiplicity of intermediate combinations of these
design advantages. For example, where a smaller efficiency
increase is required, the CCR could be used to achieve some
reduction in manufacturing cost (stator winding, core, etc.)
than would otherwise have been the case with traditional
aluminum die-cast rotor technology.

The problem encountered in attempting to die-cast copper
motor rotors is thermal shock and thermal fatigue of mold
materials. Thermal cycling of the mold surface limits the
mold life even in aluminum die-casting. Even when the steel
mold material is pre-heated, often by circulating hot oil
through the die so that it reaches about 250° C., the AT with
1081° C. copper still far exceeds the yield strength of steel.
That results in cracking (“heat checking”) of the die mate-
rial. Over repeated casting shots, the tiny cracks grow into
larger fractures.

Die-cast motor rotors are typically produced using alu-
minum because rotor fabrication by pressure die-casting in
aluminum has proven to provide cost effective methods and
materials for commercially feasible production runs. Copper
rotors have typically not been produced because the melting
temperature for copper is substantially higher than
aluminum, resulting in thermal shock when the copper
contacts the steel mold that greatly exceeds the yield
strength of the mold material, which leads to commercially
unacceptable rates of heat checking, i.e., short steel mold
life-in-service, or cracking of the mold due to thermal stress.
A low initial temperature of the die results in a large AT at
the surface of the die, and thus the stress in the die, on each
shot. The high melting temperature, high heat of fusion,
substantial latent heat and high thermal conductivity of
copper combine to maximize the thermal shock.

Lack of durable and cost-effective mold material, and in
particular a proven method for die casting with higher
melting point electrically efficient materials has been a
barrier preventing manufacture of the die-cast copper rotor.
It is well known, however, that incorporation of copper for
the rotor conductor bars and end rings in the induction motor
in place of aluminum would result in attractive improve-
ments in motor energy efficiency due to copper’s exceptional
electrical conductivity.

It is therefore an object of this invention to provide a
commercially feasible method for die-casting high
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temperature, high performance materials such as copper that
will avoid the heat checking and cracking in the mold due to
thermal shock of the mold that occurs under traditionally
practiced methods of die casting.

It is a further object of this invention to provide process-
ing conditions designed to withstand the copper motor rotor
die-casting environment for an commercially and economi-
cally acceptable mold material life-in-service.

It is a further object of this invention to provide a
die-casting apparatus to facilitate commercial die casting of
copper motor rotors.

It is a further object of this invention to employ the
die-casting apparatus to die-cast copper on suitable mold
materials, such that the thermal shock to the mold material
does not result in exceeding its yield strength.

SUMMARY OF THE INVENTION

As a starting point, the solution to the thermal shock
problem lies in the use and creation of high temperature
mold materials having thermal and thermo-elastic properties
conducive to minimizing thermally induced strain. Even the
most resilient known mold materials, however, cannot with-
stand repeated thermal shock associated with die-casting of
molten copper at 1081° Celsius. The present invention is
directed to overcoming the current obstacles to die casting
copper, by providing an apparatus and method capable of
pre-heating the mold inserts to an elevated temperature to
reduce the thermal differential between the die mold and the
molten copper capable of overcoming the thermal shock
problem and enable commercially feasible die casting of
copper.

In particular, the present invention is directed to providing
mold inserts including resistive heaters capable of pre-
heating the mold to an elevated temperature to reduce the
thermal differential between the die and the molten copper,
then pre-heating the material to be cast to a temperature at
which the thermal shock from the molten copper is less than
the yield strength of the mold material into which it is being
cast, injecting the material into the die-cast mold, and
allowing the material to cool to a temperature below the
melting point. As detailed below, the mold inserts that are
the focus of the present invention are inside the master mold
assembly, which assembly is generally made of steel and can
weigh in excess of ten tons. The mass of the master mold
assembly ensures that there will be adequate clamping
pressure on the mold inserts to overcome the injection force
of the molten material in operation and keep the mold inserts
closed. The mold inserts, which are shaped and actually
comes into contact with and forms the molten material, are
made of a suitably strong material to withstand the heat of
molten copper, for example. They are the portions of the
master mold assembly that are pre-heated in order to prevent
heat-checking, while the master mold, which is generally
made of steel and absorbs the heat from the mold insert that
it envelops, may be cooled in order to prevent the steel from
re-annealing and gradually losing its shape. One or more
mold inserts may be used, preferably two halves comprising
the runner through which the molten material flows into the
die, two inserts for the end rings, and a cylinder surrounding
the core stack of laminations.

Preheating the mold inserts decreases the thermal differ-
ential between the molten copper and the mold material,
lessening the thermal shock to the mold when contacted by
the high temperature of molten copper. It is essential that the
mold be pre-heated to a temperature at least at which thermal
shock caused by the thermal differential between the molten
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copper and the pre-heated mold is below the yield strength
of the material, otherwise cracking will occur. Ideally, the
pre-heat temperature will be higher than that temperature to
allow for anticipated flaws in the mold material or in the
mold, which can lead to part of the interior of the mold
inserts having a lower yield strength than the others. So long
as the yield strength of the mold material is not exceeded as
a result of the thermal differential when the molten copper
is injected, there is no discernible benefit to pre-heating to
any higher temperature to approach the melting point of
copper, for example. Indeed, the higher the temperature to
which the mold is pre-heated, the longer it will take for the
molten copper to cool, extending the time for each casting,
which is commercially undesirable. To the extent possible,
then, the ideal temperature for pre-heating the mold would
be just above that at which the thermal shock associated with
the application of molten copper exceeds the lowest yield
strength of the mold material. That would optimize the time
period for cooling while still ensuring that the mold will not
crack as a result of the thermal shock from molten copper.

This longer mold life removes the obstacle to mass
production of copper motor rotors, and allows for commer-
cially feasible production of rotors having die-cast copper
conductor bars and end rings in the induction motor in place
of the traditional aluminum, which yields attractive
improvements in motor energy efficiency due to copper’s
high electrical conductivity.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
present invention will become more apparent in light of the
following detailed description of exemplary embodiments of
the invention, as illustrated in the accompanying drawings,
where:

FIG. 1 shows a die casting apparatus according to an
embodiment of the present invention.

FIG. 2 is a side-view representation of the molten material
being poured into the die-casting apparatus according to an
embodiment of the present invention.

FIG. 3 is a diagram depicting a lamination according to an
embodiment of the present invention.

FIG. 4 is diagram showing an overhead view of the die
assembly according to an embodiment of the present inven-
tion.

FIG. § shows the entire mold assembly including the mold
inserts during injection of the molten material according to
an embodiment of the present invention.

FIG. 6 shows the mold assembly of FIG. 5 after injection
has been completed according to an embodiment of the
present invention.

DETAILED DESCRIPTION

As 1illustrated in FIG. 1, an embodiment of the present
invention includes a cylindrical die insert set 10, made up of
one or more insert pieces, for molding the rotor. Shown in
a horizontal cross-section, the die set 10 is coated to prevent
adhesion by the molten copper. The die includes gate plates
11 at one end and symmetrical end plates 12 at the other, and
an arbor 13 running through the center, which acts as a
support for the core stack to produce the die cast rotor. The
arbor 13 is coated with a non-conductive oxide to prohibit
electrical conductivity. Cylindrically shaped electrically
resistive heaters 14, such as, for example, the commercially
available cylindrical one half-inch diameter 2000 watt Fire
Rod cartridges sold by Watlow, are inserted into drilled
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sections of each of the end plate 12, gate plate 11 and the
runner 15 to pre-heat the die 10 before injection of the
molten copper. Each of the end plate 12, the gate plate 11,
and the runner 15 may be provided as separate insert pieces
of the die set 10. The runner 15 is a channel through which
the molten material is injected into the mold. It leads into the
die set 10 at the gate plate 11, which has a gate 16 that opens
into the interior of the die set 10. A vent 17 at the opposite
end of the die 10, near the end plate 12, allows air to escape
when molten material is being forcibly injected into the die
cylinder. As shown in FIG. 2, the runner 15 opens to the shot
chamber cylinder 21, which includes a pour hole 22 and a
piston 23 for filling the shot chamber 21 and runner 15 and
forcibly injecting the molten copper through the gate 16 and
into the interior of the cylindrical die 10.

It should be noted that while copper is discussed in these
and other embodiments as the material being die-cast, any
material having a high melting point, or selected materials
having a lower melting point in which mold life may be
shortened due to heat checking, may be able to be die-cast
according to the present invention.

Prior to injection, the die is loaded by placing a stack of
laminations 30 around the arbor 13, and the arbor 13 is fixed
into place inside the die cylinder 10. A cross sectional view
A—A of the assembled die set 10 shown in FIG. 3 depicts
a single lamination 30 from the interior stack. The holes 31
in the laminations 30 are substantially aligned to form the
channels through which the molten copper is injected. Like
the arbor 13, each lamination 30 is coated with an oxide to
prevent electrical conductivity. Still before injection, the die
10 is pre-heated in preparation for receipt of the injection of
copper. While the exact temperature for the die 10 will
depend on the particular mold material, the pre-heat tem-
perature must be at least that at which the thermal shock
resulting from the difference in temperature between the
molten copper and the pre-heat temperature is less than the
lowest yield strength of the mold material. Ideally, the
preheat temperature will be no higher than that in order to
optimize the time for cooling of the injected copper to allow
for as many rotors as possible to be cast. Also, given that the
exterior of the mold is open to the air, it loses heat quickly
over a relatively large surface area, so it would be difficult
to maintain too high a pre-heat temperature, even if that
were desirable, which it is not.

As shown in FIG. 2, copper, which has a melting point of
approximately 1081° Celsius, may be super-heated by
induction in a crucible 24, preferably ceramic, to a slightly
higher temperature to allow time for it to be injected into the
die 10 and retain its molten state while being injected before
cooling and solidifying. The quick heating of the copper by
the induction method minimizes the amount of air that mixes
with the molten copper prior to injection into the mold. The
molten copper is then poured into the shot chamber 21. The
piston 23 moves slowly at first to fill the shot chamber 21
and then the runner 15 so as to avoid trapping any air, then
it accelerates to forcibly inject the molten material through
the gate 16 into the pre-heated cylindrical die 10. At that
point, the piston is moving approximately 4 m/s and creating
a pressure of approximately 520 bar. overhead view of the
die assembly is shown in FIG. 4. The shot chamber 21 holds
the molten copper, which is forcibly injected through the
runner 15 and the gates 16 into the die cylinder 10, filling
through the holes in the laminations 30 stacked over the
arbor 13.

Parameters that influence charging of the die with molten
materials are the stroke speed of the piston 23 in the shot
chamber cylinder 21 and the pressure created by the piston
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23. These parameters may be varied to optimize the fill
characteristics of the die. The size and shape of the die 10,
as well as the casting material will influence the stroke speed
and pressure settings needed for an optimum fill of the die.

The copper passes through the runner and enters the
cylindrical die 10 through the gate 16 within the gate plate
11 and quickly fills the empty portion of the cylindrical die
10 consisting of the two ends and the openings in the stacked
laminations, to form the rotor 40. The copper injected rotor
is allowed to cool to a solidified temperature, and the master
die assembly is then opened, and the die-cast rotor may be
removed and placed into a quenching tank of water.

The master mold, which is typically made of steel, should
be allowed to cool to prevent the steel from re-annealing.
The master mold 50 is shown in FIGS. § and 6 in different
stages of the die-casting process. FIG. 5 shows the master
mold 50 surrounding the die insert set 10, which in turn
surrounds the stack of laminations 30, also known as the
core stack. The piston 23 is partially advanced through the
shot chamber 21, completing the fill of the shot chamber 21
with the molten material 22. FIG. 6 shows the master mold
assembly 10 also shown in FIG. 5, with the piston 23 fully
extended through the shot chamber 21, and the molten metal
throughout the runner 15 and the interior of the die insert set
10, forming the completed die cast part. After several shots
with the mold insert heated to over 600° C., the master mold
50 will heat up as a result, and will have to be cooled. The
longer the master mold 50 takes to cool, the less shots that
the mold can be used for in a given time frame. The
manufacturer may therefore choose to actively cool the
master mold die 50 to increase the production rate (but also
increase the complexity and expense of the device, by
adding a cooling element), to prevent the master mold steel
from re-annealing and potentially losing its shape.

The hotter the pre-heat temperature chosen for the die
insert, and the more shots giving the master mold time to
absorb the heat, the longer the cool down period for the
master mold by natural convection, so it appears more
appropriate to choose to actively cool the master mold. One
method of actively cooling involves forced air convection,
and another is to circulate a coolant in tubes around or
through the master mold. Since increasing the number of die
cast parts produced for a given system is commercially
desirable, actively cooling may be a worthwhile consider-
ation.

Insulation material is positioned between the master mold
and the mold inserts, to minimize heat transfer to the master
mold to prevent overheating in the master mold and poten-
tial re-annealing of the steel, and to permit the mold inserts
to achieve the required elevated temperatures with the
assistance of the heaters.

Copper die cast motor rotors would result in attractive
improvements in motor energy efficiency. Advances have
been made toward the development of durable and cost
effective mold materials, presently the last major hurdle
preventing die-casting of the copper rotors. But not all mold
materials are suitable for die casting copper. The material
must be capable of being pre-heated to an elevated tempera-
ture according to the present invention without compromis-
ing its integrity. Tool steel, for example, which is the current
commercial mold material of choice for die-casting
aluminum, cannot be pre-heated to a high enough tempera-
ture for copper die-casting without undergoing phase trans-
formations and losing its integrity as a mold. An extended
run of copper against Inconel and the tungsten alloy Anviloy
mold materials was accomplished without major heat check-
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