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Description

[0001] The disclosed embodiment relates to system and method for making a structured material and more particularly
making a material having domains with insulated boundaries.
[0002] Electric machines, such as DC brushless motors, and the like, may be used in an increasing variety of industries
and applications where a high motor output, superior efficiency of operation, and low manufacturing cost often play a
critical role in the success and environmental impact of the product, e.g., robotics, industrial automation, electric vehicles,
HVAC systems, appliances, power tools, medical devices, and military and space exploration applications. These electric
machines typically operate at frequencies of several hundred Hz with relatively high iron losses in their stator winding
cores and often suffer from design limitations associated with the construction of stator winding cores from laminated
electrical steel.
[0003] A typical brushless DC motor includes a rotor, with a set of permanent magnets with alternating polarity, and
a stator. The stator typically comprises a set of windings and a stator core. The stator core is a key component of the
magnetic circuit of the motor as it provides a magnetic path through the windings of the motor stator.
[0004] In order to achieve high efficiency of operation, the stator core needs to provide a good magnetic path, i.e.,
high permeability, low coercivity and high saturation induction, while minimizing losses associated with eddy currents
induced in the stator core due to rapid changes of the magnetic field as the motor rotates. This may be achieved by
constructing the stator core by stacking a number of individually laminated thin sheet-metal elements to build the stator
core of the desired thickness. Each of the elements may be stamped or cut from sheet metal and coated with insulating
layer that prevents electric conduction between neighboring elements. The elements are typically oriented in such a
manner that magnetic flux is channeled along the elements without crossing the insulation layers which may act as air
gaps and reduce the efficiency of the motor. At the same time, the insulation layers prevent electric currents perpendicular
to the direction of the magnetic flux to effectively reduce losses associated with eddy currents induced in the stator core.
[0005] The fabrication of a conventional laminated stator core is complicated, wasteful, and labor intensive because
the individual elements need to be cut, coated with an insulating layer and then assembled together. Furthermore,
because the magnetic flux needs to remain aligned with the laminations of the iron core, the geometry of the motor may
be considerably constrained. This typically results in motor designs with sub-optimal stator core properties, restricted
magnetic circuit configurations, and limited cogging reduction measures critical for numerous vibration-sensitive appli-
cations, such as in substrate-handling and medical robotics, and the like. It may also be difficult to incorporate cooling
into the laminated stator core to allow for increased current density in the windings and improve the torque output of the
motor. This may result in motor designs with sub-optimal properties.
[0006] Soft magnetic composites (SMC) include powder particles with an insulation layer on the surface. See, e.g.,
Jansson, P., Advances in Soft Magnetic Composites Based on Iron Powder, Soft Magnetic Materials, ’98, Paper No. 7,
Barcelona, Spain, April 1998, and Uozumi, G. et al., Properties of Soft Magnetic Composite With Evaporated MgO
Insulation Coating for Low Iron Loss, Materials Science Forum, Vols. 534-536, pp. 1361-1364, 2007. In theory, SMC
materials may offer advantages for construction of motor stator cores when compared with steel laminations due to their
isotropic nature and suitability for fabrication of complex components by a net-shape powder metallurgy production route.
[0007] Electric motors built with powder metal stators designed to take full advantage of the properties of the SMC
material have recently been described by several authors. See, e.g., Jack, A. G., Mecrow, B.C., and Maddison, C.P.,
Combined Radial and Axial Permanent Magnet Motors Using Soft Magnetic Composites, Ninth International Conference
on Electrical Machines and Drives, Conference Publication No. 468, 1999, Jack, A.G. et al., Permanent-Magnet Machines
with Powdered Iron Cores and Prepressed Windings, IEEE Transactions on Industry Applications, Vol. 36, No. 4, pp.
1077-1084, July/August 2000, Hur, J. et al., Development of High-Efficiency 42V Cooling Fan Motor for Hybrid Electric
Vehicle Applications, IEEE Vehicle Power an Propulsion Conference, Windsor, U.K., September 2006, and Cvetkovski,
G., and Petkovska, L., Performance Improvement of PM Synchronous Motor by Using Soft Magnetic Composite Material,
IEEE Transactions on Magnetics, Vol. 44, No. 11, pp. 3812-3815, November 2008, reporting significant performance
advantages. While these motor prototyping efforts demonstrated the potential of isotropic materials, the complexity and
cost of the production of a high performance SMC material remains a major limiting factor for a broader deployment of
the SMC technology.
[0008] For example, in order to produce a high-density SMC material based on iron powder with MgO insulation
coating, the following steps may be required: 1) iron powder is produced, typically using a water atomization process,
2) an oxide layer is formed on the surface of the iron particles, 3) Mg powder is added, 4) the mixture is heated to 650°
C in vacuum, 5) the resulting Mg evaporated powder with silicon resin and glass binder is compacted at 600 to 1,200
MPa to form a component; vibration may be applied as part of the compaction process, and 6) the component is annealed
to relieve stress at 600° C. See, e.g., Uozumi, G. et al., Properties of Soft Magnetic Composite with Evaporated MgO
Insulation Coating for Low Iron Loss, Materials Science Forum, Vols. 534-536, pp. 1361-1364,2007.
[0009] U.S. Patent No. 2002/096512 discloses a metallic resistive heater that includes a metal component that is
electrically conductive in oxide, nitride, carbide, and/or boride derivative of a metal component that is electrically insulating.
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According to the ’512 patent application, the resistivity is controlled in part by controlling the amount of oxide, nitride,
carbide, and boride formation during deposition of the metallic component and the derivative. The present invention
provides a system for forming soft magnetic bulk material of a predetermined shape from a magnetic material and a
source of insulating material in accordance with claim 1. The present inventions also provides a method of forming soft
magnetic bulk material of a predetermined shape from a magnetic material and a source of insulating material in ac-
cordance with claim 6.
[0010] A system for making a material having domains with insulated boundaries is provided. The system includes a
droplet spray subsystem configured to create molten alloy droplets and direct the molten alloy droplets to a surface and
a gas subsystem configured to introduce one or more reactive gases to an area proximate in-flight droplets. The one or
more reactive gases create an insulation layer on the droplets in flight such that the droplets form a material having
domains with insulated boundaries.
[0011] The droplet spray subsystem may include a crucible configured to create the molten metal alloy direct the
molten alloy droplets towards the surface. The droplet spray subsystem may include a wire arc droplet deposition
subsystem configured to create the molten metal alloy droplets and direct the molten alloy droplets towards the surface.
The droplet subsystem includes one or more of: a plasma spray droplet deposition subsystem, a detonation spray droplet
deposition subsystem, a flame spray droplet deposition subsystem, a high velocity oxygen fuel spray (HVOF) droplet
deposition subsystem, a warm spray droplet deposition subsystem, a cold spray droplet deposition subsystem, and a
wire arc droplet deposition subsystem each configured to form the metal alloy droplets and direct the alloy droplets
towards the surface. The gas subsystem may include a spray chamber having one or more ports configured to introduce
the one or more reactive gases to the proximate the in-flight droplets. The gas subsystem may include a nozzle configured
to introduce the one or more reactive gases to the in-flight droplets. The surface may be movable. The system may
include a mold on the surface configured to receive the droplets and form the material having domains with insulated
boundaries in the shape of the mold. The droplet spray subsystem may include a uniform droplet spray subsystem
configured to generate the droplets having a uniform diameter. The system may include a spray subsystem configured
to introduce an agent proximate in-flight droplets to further improve the properties of the material. The one or more gases
may include reactive atmosphere. The system may include a stage configured to move the surface location in one or
more predetermined directions.
[0012] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a spray chamber, a droplet spray subsystem coupled to the
spray chamber configured to create molten alloy droplets and direct the molten alloy droplets to a predetermined location
in the spray chamber and a gas subsystem configured to introduce one or more reactive gases into the spray chamber.
The one or more reactive gases create an insulation layer on the droplets in flight such that the droplets form a material
having domains with insulated boundaries.
[0013] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a droplet spray subsystem configured to create molten alloy
droplets and direct the molten alloy droplets to a surface and a spray subsystem configured to introduce an agent
proximate in-flight droplets. Wherein the agent creates an insulation layer on the droplets in flight such that said droplets
form a material having domains with insulated boundaries on the surface.
[0014] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a spray chamber, a droplet spray subsystem coupled to the
spray chamber configured to create molten alloy droplets and direct the molten alloy droplets to a predetermined location
in the spray chamber and a spray subsystem coupled to the spray chamber configured to introduce an agent. The agent
creates an insulation layer on said droplets in flight such that said droplets form a material having domains with insulated
boundaries on the surface.
[0015] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, directing the molten alloy
droplets to a surface, and introducing one or more reactive gases proximate in-flight droplets such that the one or more
reactive gases creates an insulation layer on the droplets in flight such that the droplets form a material having domains
with insulated boundaries.
[0016] The method may include the step of moving the surface in one or more predetermined directions. The step of
introducing molten alloy droplets may include introducing molten alloy droplets having a uniform diameter. The method
may include the step of introducing an agent proximate in-flight droplets to improve the properties of the material.
[0017] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, directing the molten alloy
droplets to a surface, and introducing an agent proximate the in-flight droplets to create an insulation layer on the droplets
in flight such that the droplets form a material having domains with insulated boundaries.
[0018] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, introducing molten alloy
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droplets into a spray chamber, directing the molten alloy droplets to a predetermined location in the spray chamber, and
introducing one or more reactive gases into the chamber such that the one or more reactive gases creates an insulation
layer on the droplets in flight so that the droplets form a material having domains with insulated boundaries.
[0019] In accordance with another aspect of the disclosed embodiment, a material having domains with insulated
boundaries is provided. The material includes a plurality of domains formed from molten alloy droplets having an insulation
layer thereon and insulation boundaries between the domains.
[0020] In accordance with one aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a droplet spray subsystem configured to create molten alloy
droplets and direct the molten alloy droplets to a surface and a spray subsystem configured to direct a spray of an agent
at deposited droplets on the surface. The agent creates insulation layers on the deposited droplets such that the droplets
form a material having domains with insulated boundaries on the surface.
[0021] The agent may directly form the insulation layers on the deposited droplets to form the material having domains
with insulated boundaries on the surface. The spray of agent may facilitate and/or participate and/or accelerate a chemical
reaction that forms insulation layers on the deposited droplets to form the material having domains with insulated bound-
aries. The droplet spray subsystem may include a crucible configured to create the molten metal alloy direct the molten
alloy droplets towards the surface. The droplet spray subsystem may include a wire arc droplet deposition subsystem
configured to create the molten metal alloy droplets and direct the molten alloy droplets towards the surface. The droplet
subsystem may include one or more of: a plasma spray droplet deposition subsystem, a detonation spray droplet
depositions subsystem, a flame spray droplet deposition subsystem, a high velocity oxygen fuel spray (HVOF) droplet
deposition subsystem, a warm spray droplet deposition subsystem, a cold spray droplet deposition subsystem, and a
wire arc droplet deposition subsystem, each configured to form the metal alloy droplets and direct the alloy droplets
towards the surface. The spray subsystem may include one or more nozzles configured to direct the agent at the
deposited droplets. The spray subsystem may include a spray chamber having one or more ports coupled to the one
or more nozzles. The droplet spray subsystem may include a uniform droplet spray subsystem configured to generate
the droplets having a uniform diameter. The surface may be movable. The system may include a mold on the surface
to receive the deposited droplets and form the material having domains with insulated boundaries in the shape of the
mold. The system may include a stage configured to move the surface in one or more predetermined directions. The
system may include a stage configured to move the mold in one or more predetermined directions.
[0022] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a droplet spray subsystem configured to create and eject
molten alloy droplets into a spray chamber and direct the molten alloy droplets to a predetermined location in the spray
chamber. The spray chamber is configured to maintain a predetermined gas mixture which facilitates and/or participates
and/or accelerates in a chemical reaction that forms an insulation layer with deposited droplets to form a material having
domains with insulated boundaries.
[0023] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a droplet spray subsystem including at least one nozzle.
The droplet spray subsystem is configured to create and eject molten alloy droplets into one or more spray sub-chambers
and direct the molten alloy droplets to a predetermined location in the one or more spray sub-chambers. One of the one
or more spray sub-chambers is configured to maintain a first predetermined pressure and gas mixture therein which
prevents a reaction of the gas mixture with the molten alloy droplets and the nozzle and the other of the one or more
sub-chambers is configured to maintain a second predetermined pressure and gas mixture which facilitates and/or
precipitates and/or accelerates in a chemical reaction that forms an insulation layer on deposited droplets to form a
material having domains with insulated boundaries.
[0024] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, directing the molten alloy
droplets to a surface and directing an agent at deposited droplets such that the agent creates a material having domains
with insulated boundaries.
[0025] The spray of agent may directly create insulation layers on the deposited droplets to form the material having
domains with insulated boundaries. The spray of agent may facilitate and/or participate and/or accelerate a chemical
reaction that form insulation layers on the deposited droplets to form the material having domains with insulated bound-
aries.
[0026] In accordance with another aspect of the disclosed embodiment, a method of making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, directing the molten alloy
droplets to a surface inside a spray chamber, and maintaining a predetermined gas mixture in the spray chamber which
facilitates and/or precipitates and/or accelerates in a chemical reaction to form an insulation layer on the deposited
droplets to form a material having domains with insulated boundaries.
[0027] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating molten alloy droplets, directing the molten alloy
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droplets with a nozzle to a surface in one or more spray sub-chambers, maintaining a first predetermined pressure and
gas mixture in one of the spray chambers which prevents a reaction of the gas mixture with molten alloy droplets and
the spray nozzle, and maintaining a second predetermined pressure and gas mixture in the other of the spray sub-
chamber which facilitates and/or precipitates and/or accelerates a chemical reaction that forms an insulation layer on
deposited droplets to form a material having domains with insulated boundaries.
[0028] In accordance with another aspect of the disclosed embodiment, a material having domains with insulated
boundaries is provided. The material includes a plurality of domains formed from molten alloy droplets having an insulation
layer thereon and insulation boundaries between said domains.
[0029] In accordance with another aspect of the disclosed embodiment, a system for making a material having domains
with insulated boundaries is provided. The system includes a combustion chamber, a gas inlet configured to inject a gas
into the combustion chamber, a fuel inlet configured to inject a fuel into the combustion chamber, an igniter subsystem
configured to ignite a mixture of the gas and the fuel to create a predetermined temperature and pressure in the combustion
chamber, a metal powder inlet configured to inject a metal powder comprised of particles coated with an electrically
insulating material into the combustion, wherein the predetermined temperature creates conditioned droplets comprised
of the metal powder in the chamber, and an outlet configured to eject and accelerate combustion gases and the conditioned
droplets from the combustion chamber and towards a stage such that conditioned droplets adhere to the stage to form
a material having domains with insulated boundaries thereon.
[0030] The particles of the metal powder may include an inner core made of a soft magnetic material and an outer
layer made of the electrically insulating material. The conditioned droplets may include a solid outer core and a softened
and/or partially melted inner core. The outlet may be configured to eject and accelerate the combustion gases and the
conditioned droplets from the combustion chamber at a predetermined speed. The particles may have a predetermined
size. The stage may be configured to move in one or more predetermined directions. The system may include a mold
on the stage to receive the conditioned droplets and form the material having domains with insulated boundaries in the
shape of the mold. The stage may be configured to move in one or more predetermined directions.
[0031] In accordance with another aspect of the disclosed embodiment, a method for making a material having domains
with insulated boundaries is provided. The method includes creating conditioned droplets from a metal powder made of
metal particles coated with an electrically insulating material at a predetermined temperature and pressure and directing
the conditioned droplets at a stage such that the conditioned droplets create material having domains with insulated
boundaries thereon.
[0032] The particles of the metal powder may include an inner core made of a soft magnetic material and outer layer
made of the electrically insulating material and the step of creating conditioned droplets includes the step of softening
and partially melting the inner core while providing a solid outer core. The conditioned droplets may be directed at the
stage at a predetermined speed. The method may include the step of moving the stage in one or more predetermined
directions. The method may include the step of providing a mold on the stage.
[0033] In accordance with another aspect of the disclosed embodiment, a system for forming a bulk material having
insulated boundaries from a metal material and a source of an insulating material is provided. The system includes a
heating device, a deposition device, a coating device, and a support configured to support the bulk material. The heating
device heats the metal material to form particles having a softened or molten state and the coating device coats the
metal material with the insulating material from the source and the deposition device deposits particles of the metal
material in the softened or molten state on to the support to form the bulk material having insulated boundaries.
[0034] The source of insulating material may comprise a reactive chemical source and the deposition device may
deposit the particles of the metal material in the softened or molten state on the support in a deposition path such that
insulating boundaries are formed on the metal material by the coating device from a chemical reaction of the reactive
chemical source in the deposition path. The source of insulating material may comprise a reactive chemical source and
insulating boundaries may be formed on the metal material by the coating device from a chemical reaction of the reactive
chemical source after the deposition device deposits the particles of the metal material in the softened or molten state
on to the support. The source of insulating material may comprise a reactive chemical source and the coating device
may coat the metal material with the insulating material to form insulating boundaries from a chemical reaction of the
reactive chemical source at the surface of the particles. The deposition device may comprise a uniform droplet spray
deposition device. The source of insulating material may comprise a reactive chemical source and the coating device
may coat the metal material with the insulating material to form insulating boundaries formed from a chemical reaction
of the reactive chemical source in a reactive atmosphere. The source of insulating material may comprise a reactive
chemical source and an agent and the coating device may coat the metal material with the insulating material to form
insulating boundaries formed from a chemical reaction of the reactive chemical source in a reactive atmosphere stimulated
by a co-spraying of the agent. The coating device may coat the metal material with the insulating material to form
insulating boundaries formed from co-spraying of the insulating material. The coating device may coat the metal material
with the insulating material to form insulating boundaries formed from a chemical reaction and a coating from the source
of insulating material. The bulk material may include domains formed from the metal material with insulating boundaries.
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The softened or molten state may be at a temperature below the melting point of the metal material. The deposition
device may deposit the particles simultaneously while the coating device coats the metal material from the source of
the insulating material. The coating device may coat the metal material with the insulating material after the deposition
device deposits the particles.
[0035] In accordance with another aspect of the disclosed embodiment, a system for forming a soft magnetic bulk
material from a magnetic material and a source of an insulating material is provided. The system includes a heating
device coupled to the support and a deposition device coupled to the support, a support configured to support the soft
magnetic bulk material. The heating device heats the magnetic material to form particles having a softened state and
the deposition device deposits particles of the magnetic material in the softened state on the support to form the soft
magnetic bulk material and the soft magnetic bulk material has domains formed from the magnetic material with insulating
boundaries formed from the source of insulating material.
[0036] The source of insulating material may comprise a reactive chemical source and the deposition device deposits
the particles of the magnetic material in the softened or molten state on the support in a deposition path such that
insulating boundaries may be formed on the magnetic material by the coating device from a chemical reaction of the
reactive chemical source in the deposition path. The source of insulating material may comprise a reactive chemical
source and insulating boundaries may be formed on the magnetic material by the coating device from a chemical reaction
of the reactive chemical source after the deposition device deposits the particles of the magnetic material in the softened
or molten state on to the support. The softened state may be at a temperature above the melting point of the magnetic
material. The source of insulating material may comprise a reactive chemical source and the insulating boundaries may
be formed from a chemical reaction of the reactive chemical source at the surface of the particles. The deposition device
may comprise a uniform droplet spray deposition device. The source of insulating material may comprise a reactive
chemical source and the insulating boundaries may be formed from a chemical reaction of the reactive chemical source
in a reactive atmosphere. The source of insulating material may comprise a reactive chemical source and an agent and
the insulating boundaries may be formed from a chemical reaction of the reactive chemical source in a reactive atmosphere
stimulated by a co-spraying of the agent. The insulating boundaries may be formed from co-spraying of the insulating
material. The insulating boundaries may be formed from a chemical reaction and a coating from the source of insulating
material. The softened state may be at a temperature below the melting point of the magnetic material. The system may
include a coating device which coats the magnetic material with the insulating material. The particles may comprise the
magnetic material coated with the insulating material. The particles may comprise coated particles of magnetic material
coated with the insulating material and the coated particles are heated by the heating device. The system may include
a coating device which coats the magnetic material with the insulating material from the source and the deposition device
deposits the particles simultaneously while the coating device coats the magnetic material with the insulating material.
The system may include a coating device which may coat the magnetic material with the insulating material after the
deposition device deposits the particles.
[0037] In accordance with another aspect of the disclosed embodiment, a system for forming a soft magnetic bulk
material from a magnetic material and a source of insulating material is provided. The system includes a heating device,
a deposition device, a coating device and a support configured to support the soft magnetic bulk material. The heating
device heats the magnetic material to form particles having a softened or molten state and the coating device coats the
magnetic material with the source of insulating material from the source and the deposition device deposits particles of
the magnetic material in the softened or molten state on to the support to form the soft magnetic bulk material having
insulated boundaries.
[0038] The source of insulating material may comprise a reactive chemical source and the coating device may coat
the magnetic material with the insulating material to form insulating boundaries from a chemical reaction of the reactive
chemical source at the surface of the particles. The source of insulating material may comprise a reactive chemical
source and the coating device may coat the magnetic material with the insulating material to form insulating boundaries
formed from a chemical reaction of the reactive chemical source in a reactive atmosphere. The source of insulating
material may comprise a reactive chemical source and an agent and the coating device may coat the magnetic material
with the insulating material from the source to form insulating boundaries formed from a chemical reaction of the reactive
chemical source in a reactive atmosphere stimulated by a co-spraying of the agent. The coating device may coat the
magnetic material with the insulating material from the source to form insulating boundaries formed from a co-spraying
of the insulating material. The coating device may coat the magnetic material with the insulating material from the source
to form insulating boundaries formed from a chemical reaction and a coating from the source of insulating material. The
soft magnetic bulk material may include domains formed from the magnetic material with insulating boundaries. The
softened state may be at a temperature below the melting point of the magnetic material. The deposition device may
deposit the particles simultaneously while the coating device coats the magnetic material with the insulating material.
The coating device may coat the magnetic material with the insulating material after the deposition device deposits the
particles.
[0039] In accordance with one aspect of the disclosed embodiment, a method of forming a bulk material with insulated
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boundaries is provided. The method includes providing a metal material, providing a source of insulating material,
providing a support configured to support the bulk material, heating the metal material to a softened state, and depositing
particles of the metal material in the softened or molten state on the support to form the bulk material having domains
formed from the metal material with insulating boundaries.
[0040] Providing the source of insulating material may include providing a reactive chemical source and particles of
the metal material in the softened state may be deposited on the support in a deposition path and the insulating boundaries
may be formed from a chemical reaction of the reactive chemical source in the deposition path. Providing the source of
insulating material may include providing a reactive chemical source and the insulating boundaries may be formed from
a chemical reaction of the reactive chemical source after the depositing the particles of the metal material in the softened
state on to the support. The method may include setting the molten state at a temperature above the melting point of
the metal material. Providing the source of insulating material may include providing a reactive chemical source and the
insulating boundaries may be formed from a chemical reaction of the reactive chemical source at the surface of the
particles. Depositing particles may include uniformly depositing the particles on the support. Providing the source of
insulating material may include providing a reactive chemical source and the insulating boundaries may be formed from
a chemical reaction of the reactive chemical source in a reactive atmosphere. Providing the source of insulating material
may include providing a reactive chemical source and an agent and the insulating boundaries may be formed from a
chemical reaction of the reactive chemical source in a reactive atmosphere stimulated by co-spraying of the agent. The
method may include forming the insulating boundaries by co-spraying the insulating material. The method may include
forming the insulating boundaries from a chemical reaction and a coating from the source of insulating material. The
softened state may be at a temperature below the melting point of the metal material. The method may include coating
the metal material with the insulating material. The particles may comprise the metal material coated with the insulating
material. The particles may comprise coated particles of metal material coated with the insulating material and heating
the material may include heating the coated particles of metal material coating with insulation boundaries. The method
may include coating the metal material with the insulating material simultaneously while depositing the particles. The
method may include coating the metal material with the insulating material after depositing the particles. The method
may include annealing the bulk metal material. The method may include heating the bulk metal material simultaneously
while depositing the particles.
[0041] In accordance with one aspect of the disclosed embodiment, a method of forming a soft magnetic bulk material
is provided. The method includes providing a magnetic material, providing a source of insulating material, providing a
support configured to support the soft magnetic bulk material, heating the magnetic material to a softened state, and
depositing particles of the magnetic material in the softened state on to support to form the soft magnetic bulk material
having domains formed from the magnetic material with insulating boundaries.
[0042] In accordance with one aspect of the disclosed embodiment, a bulk material formed on a surface is provided.
The bulk material includes a plurality of adhered domains of metal material, substantially all of the domains of the plurality
of domains of metal material separated by a predetermined layer of high resistivity insulating material. A first portion of
the plurality of domains forms a surface. A second portion of the plurality of domains includes successive domains of
metal material progressing from the first portion, substantially all of the domains in the successive domains each include
a first surface and second surface, the first surface opposing the second surface, the second surface conforming to a
shape of progressed domains, and a majority of the domains in the successive domains in the second portion having
the first surface comprising a substantially convex surface and the second surface comprising one or more substantially
concave surfaces.
[0043] The layer of high resistivity insulating material may include a material having a resistivity greater than about
1x103 Ω-m. The layer of high resistivity insulating material may have a selectable substantially uniform thickness. The
metal material may comprise a ferromagnetic material. The layer of high resistivity insulating material may comprise
ceramic. The first surface and the second surface may form an entire surface of the domain. The first surface may
progress in a substantially uniform direction from the first portion.
[0044] In accordance with one aspect of the disclosed embodiment, a soft magnetic bulk material formed on a surface
is provided. The soft magnetic bulk material includes a plurality of domains of magnetic material, each of the domains
of the plurality of domains of magnetic material substantially separated by a selectable coating of high resistivity insulating
material. A first portion of the plurality of domains forms a surface. A second portion of the plurality of domains includes
successive domains of magnetic material progressing from the first portion, substantially all of the domains in the suc-
cessive domains of magnetic material in the second portion each include a first surface and a second surface, the first
surface comprising a substantially convex surface, and the second surface comprising one or more substantially concave
surfaces.
[0045] In accordance with another aspect of the disclosed embodiment, an electrical device coupled to a power source
is provided. The electrical device includes a soft magnetic core and a winding coupled to the soft magnetic core and
surrounding a portion of the soft magnetic core, the winding coupled to the power source. The soft magnetic core includes
a plurality of domains of magnetic material, each of the domains of the plurality of domains substantially separated by
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a layer of high resistivity insulating material. The plurality of domains includes successive domains of magnetic material
progressing through the soft magnetic core. Substantially all of the successive domains in the second portion each
including a first surface and a second surface, the first surface comprising a substantially convex surface and the second
surface comprising one or more substantially concave surfaces.
[0046] In accordance with another aspect of the disclosed embodiment, an electric motor coupled to a power source
is provided. The electric motor includes a frame, a rotor coupled to the frame, a stator coupled to the frame, at least one
of the rotor or the stator including a winding coupled to the power source and a soft magnetic core. The winding is wound
about a portion of the soft magnetic core. The soft magnetic core includes a plurality of domains of magnetic material,
each of the domains of the plurality of domains substantially separated by a layer of high resistivity insulating material.
The plurality of domains includes successive domains of magnetic material progressing through the soft magnetic core.
Substantially all of the successive domains in the second portion each include a first surface and a second surface, the
first surface comprising a substantially convex surface and the second surface comprising one or more substantially
concave surfaces.
[0047] In accordance with another aspect of the disclosed embodiment, a soft magnetic bulk material formed on a
surface is provided. The soft magnetic bulk material includes a plurality of adhered domains of magnetic material,
substantially all of the domains of the plurality of domains of magnetic material separated by a layer of high resistivity
insulating material. A first portion of the plurality of domains forms a surface. A second portion of the plurality of domains
includes successive domains of magnetic material progressing from the first portion, substantially all of the domains in
the successive domains each including a first surface and a second surface, the first surface opposing the second
surface, the second surface conforming to the shape of progressed domains. A majority of the domains in the successive
domains in the second portion having the first surface comprising a substantially convex surface and the second surface
comprising one or more substantially concave surfaces.
[0048] In accordance with another aspect of the disclosed embodiment, an electrical device coupled to a power source
is provided. The electrical device includes a soft magnetic core and a winding coupled to the soft magnetic core and
surrounding a portion of the soft magnetic core, the winding coupled to the power source. The soft magnetic core includes
a plurality of domains, each of the domains of the plurality of domains substantially separated by a layer of high resistivity
insulating material. The plurality of domains include successive domains of magnetic material progressing through the
soft magnetic core. Substantially all of the successive domains each include a first surface and a second surface, the
first surface opposing the second surface, the second surface conforming to the shape of progressed domains of metal
material, and a majority of the domains in the successive domains in the second portion having the first surface comprising
a substantially convex surface and the second surface comprising one or more substantially concave surfaces.
[0049] In accordance with another aspect of the disclosed embodiment, an electrical device coupled to a power source
is provided. The electrical device includes a soft magnetic core and a winding coupled to the soft magnetic core and
surrounding a portion of the soft magnetic core, the winding coupled to the power source. The soft magnetic core includes
a plurality of domains, each of the domains of the plurality of domains substantially separated by a layer of high resistivity
insulating material. The plurality of domains include successive domains of magnetic material progressing through the
soft magnetic core. Substantially all of the successive domains each include a first surface and a second surface, the
first surface opposing the second surface, the second surface conforming to the shape of progressed domains of metal
material, and a majority of the domains in the successive domains in the second portion having the first surface comprising
a substantially convex surface and the second surface comprising one or more substantially concave surfaces.
[0050] In another exemplary embodiment, a system for forming a soft magnetic bulk material of a predetermined shape
from a magnetic material and a source of insulating material is provided. The systems has a heating device; a deposition
device; a support configured to support the soft magnetic bulk material of the predetermined shape; and a mask configured
as a negative of at least a portion of the predetermined shape. The heating device heats the magnetic material to form
particles having a softened state and wherein the deposition device deposits successive layers of particles of the magnetic
material in the softened state on the support with the mask located between the deposition device and the support. The
mask is indexed to a position relative to the support upon deposition of the successive layers. The mask selectively
blocks the successive layers of particles of the magnetic material in the softened state from being deposited on the
support forming the soft magnetic bulk material of a predetermined shape on the support.
[0051] In accordance with another exemplary method, a method of forming a soft magnetic bulk material of a prede-
termined shape from a magnetic material and a source of insulating material is provided. The method comprises providing
a heating device; providing a deposition device; providing a support configured to support the soft magnetic bulk material
of the predetermined shape; providing a mask configured as a negative of at least a portion of the predetermined shape;
heat the magnetic material with the heating device to form particles having a softened state; locating the mask between
the deposition device and the support; depositing successive layers of particles of the magnetic material in the softened
state with the deposition device on the support; and indexing a position relative to the support the mask upon deposition
of the successive layers. The mask selectively blocks the successive layers of particles of the magnetic material in the
softened state from being deposited on the support forming the soft magnetic bulk material of a predetermined shape
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on the support.
[0052] In accordance with another exemplary method, a method of forming a soft magnetic bulk material of a prede-
termined shape from a magnetic material and a non-magnetic material is provided. The method comprises providing a
reservoir adapted to contain the soft magnetic bulk material of the predetermined shape; providing a heat source; and
heating the magnetic material and the non-magnetic material in the reservoir to an ignition temperature of a reaction
thus forming the soft magnetic bulk material of a predetermined shape. The soft magnetic bulk material of a predetermined
shape has domains formed from the magnetic material with insulating boundaries formed from the reaction.
[0053] Other objects, features and advantages will occur to those skilled in the art from the following description of an
embodiment and the accompanying drawings, in which:

Fig. 1 is a schematic block diagram showing the primary components of one embodiment of the system and method
for making a material having domains with insulated boundaries;
Fig. 2 is a schematic side-view showing another embodiment of the droplet spray subsystem in a controlled atmos-
phere;
Fig. 3 is a schematic side-view showing another embodiment of the system and method for expediting production
of a material having domains with insulated boundaries;
Fig. 4 is a schematic side-view showing another embodiment of the system and method for making a material having
domains with insulated boundaries;
Fig. 5A is a schematic diagram of one embodiment of the material having domains with insulated boundaries created
using the system and method of one or more embodiments;
Fig. 5B is a schematic diagram of another embodiment of the material having domains with insulated boundaries
created using the system and method of one or more embodiments;
Fig. 6 is a schematic block diagram showing the primary components of another embodiment of the system and
method for making a material having domains with insulated boundaries;
Fig. 7 is a schematic block diagram showing the primary components of another embodiment of the system and
method for making a material having domains with insulated boundaries;
Fig. 8 is a schematic block diagram showing the primary components of one embodiment of the system and method
for making a material having domains with insulated boundaries;
Fig. 9 is a side-view showing one example of the formation of a material having domains with insulated boundaries
associated with the system shown in Fig. 8;
Fig. 10A is a schematic diagram of one embodiment of the material having domains with insulated boundaries
created using the system and method of one or more embodiments;
Fig. 10B is a schematic diagram of another embodiment of the material having domains with insulated boundaries
created using the system and method of one or more embodiments;
Fig. 11 is a side-view showing one example of the formation of a material having domains with insulated boundaries
associated with the system shown in Fig. 8;
Fig. 12 is a side-view showing one example of the formation of a material having domains with insulated boundaries
associated with the system shown in Fig. 8;
Fig. 13 is a schematic block diagram showing the primary components of another embodiment of the system and
method for making a material having domains with insulated boundaries;
Fig. 14 is a side-view showing one example of the formation of a material having domains with insulated boundaries
associated with the system shown in Fig. 13;
Fig. 15 is a schematic block diagram showing the primary components of yet another embodiment of the system
and method for making a material having domains with insulated boundaries;
Fig. 16 is schematic top-view showing one example of the discrete deposition process of droplets associated with
the system shown in one or more of Figs. 8-15 ;
Fig. 17 is a schematic side-view showing one example of a nozzle for the system shown in one or more of Figs.
8-15 which includes a plurality of orifices;
Fig. 18 is a schematic side-view showing another embodiment of the droplet spray subsystem shown in one or more
of Figs. 8-15;
Fig. 19 is a schematic block diagram showing the primary components of yet another embodiment of the system
and method for making a material having domains with insulated boundaries;
Fig. 20 is a schematic block diagram showing the primary components of yet another embodiment of the system
and method for making a material having domains with insulated boundaries;
Fig. 21 is a schematic block diagram showing the primary components of one embodiment of the system and method
for making a material having domains with insulated boundaries;
Fig. 22A is a schematic diagram showing in further detail the structured material having domains with insulated
boundaries shown in Fig 21;
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Fig. 22B is a schematic diagram showing in further detail the structured material having domains with insulated
boundaries shown in Fig 21;
Fig. 23A is a schematic cross section view of one embodiment of a structured material;
Fig. 23B is a schematic cross section view of one embodiment of a structured material;
Fig. 24 is a schematic exploded isometric view of one embodiment of a brushless motor incorporating the structured
material of the disclosed embodiment;
Fig. 25 is a schematic top-view of one embodiment of a brushless motor incorporating the structured material of the
disclosed embodiment;
Fig. 26A is a schematic side-view of a linear motor incorporating the structured material of the disclosed embodiment;
Fig. 26B is a schematic side-view of a linear motor incorporating the structured material of the disclosed embodiment;
Fig. 27 is an exploded schematic isometric view of an electric generator incorporating the structured material of the
disclosed embodiment;
Fig. 28 is a three-dimensional cutaway isometric view of a stepping motor incorporating the structured material of
the disclosed embodiment;
Fig. 29 is a three-dimensional exploded isometric view of an AC motor incorporating the structured material of the
disclosed embodiment;
Fig. 30 is a three-dimensional cutaway isometric view of one embodiment of an acoustic speaker incorporating the
structured material of the disclosed embodiment;
Fig. 31 is a three-dimensional isometric view of a transformer incorporating the structured material of the disclosed
embodiment;
Fig. 32 is a three-dimensional cutaway isometric view of a power transformer incorporating the structured material
of the disclosed embodiment;
Fig. 33 is a schematic side-view of a power transformer incorporating the structured material of the disclosed
embodiment;
Fig. 34 is a schematic side-view of a solenoid incorporating the structured material of the disclosed embodiment;
Fig. 35 is a schematic top-view of an inductor incorporating the structured material of the disclosed embodiment;
Fig. 36 is a schematic side-view of a relay incorporating the structured material of the disclosed embodiment.
Fig. 37 is a schematic section view of a deposition system;
Fig. 38 is a view of a stator;
Fig. 39 is a view of a mask;
Fig. 40 is a view of a mask;
Fig. 41 is a sectional view of a material;
Fig. 42 is a sectional view of a material;
Fig. 43 is a schematic sectional view of a deposition system;
Fig. 44 is a schematic sectional view of a deposition system; and
Fig. 45 is a view of a mold.

[0054] Aside from the embodiment disclosed below, the disclosed embodiment invention is capable of other embod-
iments and of being practiced or being carried out in various ways, within the scope of the appended claims.
[0055] There is shown in Fig. 1, system 10 and the method thereof for making a material having domains with insulated
boundaries. System 10 includes droplet spray subsystem 12 configured to create molten alloy droplets 16 and direct
molten alloy droplets 16 towards surface 20. In one design, droplet spray subsystem 12 directs molten alloy droplets
into spray chamber 18. In an alternate aspect, spray chamber 18 is not required as will be discussed below.
[0056] In one embodiment, droplet spray subsystem 12 includes crucible 14 which creates molten alloy droplets 16
and directs molten alloy droplets 16 towards surface 20. Crucible 14 may include heater 42 which forms molten alloy
44 in chamber 46. The material used to make molten alloy 44 may have a high permeability, low coercivity and high
saturation induction. Molten alloy 44 may be made from a magnetically soft iron alloy, such as iron-base alloy, iron-
cobalt alloy, nickel-iron alloy, silicon iron alloy, iron-aluminide, ferritic stainless steel, or similar type alloy. Chamber 46
may receive inert gas 47 via port 45. Molten alloy 44 may be ejected through orifice 22 due to the pressure applied from
inert gas 47 introduced via port 45. Actuator 50 with vibration transmitter 51 may be used to vibrate a jet of molten alloy
44 at a specified frequency to break up molten alloy 44 into stream of droplets 16 which are ejected through orifice 22.
Crucible 14 may also include temperature sensor 48. Although as shown crucible 14 includes one orifice 22, in alternate,
crucible 14 may have any number of orifices 22 as needed to accommodate higher deposition rates of droplets 16 on
surface 20, e.g., up to 100 orifices or more.
[0057] Droplet spray subsystem 12’, Fig. 2, where like parts have been given like numbers, includes wire arc droplet
deposition subsystem 250 which creates molten alloy droplets 16 and directs molten alloy droplets 16 towards surface
20. Wire arc droplet deposition subsystem 250 includes chamber 252 which houses positive wire arc wire 254 and
negative arc wire 256. Alloy 258 is preferably disposed in each of wire arc wires 254 and 256. Alloy 258 may be used
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to create droplets 16 to be directed toward surface 20 and may be composed mainly of iron (e.g., greater than about
98%) with very low amount of carbon, sulfur, and nitrogen content, (e.g., less than about 0.005%) and may include
minute quantities of Cr (e.g., less than about 1%) with the balance, in this example, being Si or Al to achieve good
magnetic properties. The metallurgical composition may be tuned to provide improvements in the final properties of the
material having domains with insulated boundaries. Nozzle 260 may be configured to introduce one or more gases 262
and 264, e.g., ambient air, argon, and the like, to create gas 268 inside chamber 252. Pressure control valve 266 controls
the flow of one or more of gases 262, 264 into chamber 252. In operation, the voltage applied to positive arc wire 254
and negative arc wire 256 creates arc 270 which causes alloy 258 to form molten alloy droplets 16 which are directed
towards surface 20. In one example, voltages between about 18 and 48 volts and currents between about 15 to 400
amperes may applied to positive wire arc 254 and negative arc wire 256 to provide a continuous wire arc spray process
of droplets 16. In this example, system 10 includes spray chamber 16.
[0058] System 10’, Fig. 3, where like parts have been given like numbers, includes droplet spray subsystem 12" with
wire arc droplet deposition subsystem 250’ that creates molten alloy droplets 16 and directs molten alloy droplets 16
towards surface 20. Here, system 10’ does not include chamber 252, Fig. 2, and chamber 18, Figs. 1 and 2. Instead,
nozzle 260, Fig. 3, may be configured to introduce one or more gases 262 and 264 to create gas 268 in the area proximate
positive arc wire 254 and negative arc wire 256. Similar as discussed above with reference to Fig. 2, the voltage applied
to positive arc wire 254 and negative arc wire 256 creates arc 270 which causes alloy 258 to form molten alloy droplets
16 which are directed towards surface 20. Reactive gas 26 (discussed below) is introduced to the area proximate in-
flight molten alloy droplets 16, e.g., using nozzle 263. Shroud 261 may be used to contain reactive gas 26 and droplets
16 in the area proximate surface 20.
[0059] System 10", Fig. 4, where like parts have been given like numbers, may include droplet spray deposition
subsystem 12’’’ having wire arc droplet deposition subsystem 250" having a plurality of positive arc wire 254, negative
arc wires 256 and nozzles 260 which may be used simultaneously to achieve higher spray deposition rates of molten
alloy droplets 16 on surface 20. Wire arcs 254, 256, and similar deposition devices discussed above, may be provided
in different directions to form the material having domains of insulated boundaries. Wire arc droplet deposition subsystem
250" is not enclosed in a chamber. In an alternate aspect, wire arc spray 250" may be enclosed in chamber, e.g., chamber
252, Fig. 2. When a chamber is not used, shroud 261, Fig. 4, may be used to contain reactive gas 26 and droplets 16
in the area proximate surface 20.
[0060] In alternate aspects, droplet spray subsystem 12, Figs. 1-4, may utilize a plasma spray droplet deposition
subsystem, a detonation spray droplet deposition subsystem, a flame spray droplet deposition subsystem, a high velocity
oxy-fuel spray (HVOF) droplet deposition subsystem, a warm spray droplet deposition subsystem, a cold spray droplet
deposition subsystem, or any similar type spray droplet deposition subsystems. Accordingly, any suitable deposition
system may be used in accordance with one or more of disclosed embodiments discussed above.
[0061] Droplet spray subsystem 12, Figs. 1-4, may be mounted on a single or plurality of robotic arms and/or mechanical
arrangements so as to improve part quality, reduce spray time, and improve process economics. The subsystems may
spray droplets 16 simultaneously at the same approximate location or may be staggered so as the spray a certain
location in a sequential manner. Droplet spray subsystem 12 may be controlled and facilitated by controlling one or more
of the following spray parameters: wire speed, gas pressure, shroud gas pressure, spraying distance, voltage, current,
speed of substrate motion, and/or the speed of arc tool movement.
[0062] System 10, Figs. 1 and 2, also may include port 24 coupled to spray chamber 18 configured to introduce gas
26, e.g., reactive atmosphere, into spray chamber 28. System 10’, 10", Figs. 3 and 4, may introduce gas 26, e.g., reactive
atmosphere, in the area proximate droplets 16 in flight. Gas 26 may be chosen such that it creates an insulation layer
on droplets 16 as they are in flight towards surface 20. A mixture of gases, one or more of which may participate in the
reaction with droplets 16, may be introduced to the area proximate droplets 16 in flight. Caption 28, Fig. 1, shows an
example of insulation layer 30 being formed on in-flight molten alloy droplets 16, Figs. 1-4, during their flight to surface
20. When droplets 16 with insulation layer 30 land on surface 20 they form the beginning of material 32 having domains
with insulated boundaries. Thereafter, subsequent droplets 16 with insulation layer 30 land on the previously formed
material 32. In one aspect of the disclosed embodiment, surface 20 is moveable, e.g., using stage 40, which may be an
X-Y stage, a turn table, a stage that can additionally change the pitch and roll angle of surface 20, or any other suitable
arrangement that can support material 32 and/or move material 32 in a controlled manner as it is formed. System 10
may include a mold (not shown) that is placed on surface 20 to create material 32 having any desired shape as known
by those skilled in the art.
[0063] Fig. 5A shows an example of material 32 that includes domains 34 with insulated boundaries 36 therebetween.
Insulated boundaries 36 are formed from the insulation layer on droplets 16, e.g., insulation layer 30, Fig. 1. Material
32, Fig 5A, may include boundaries 36 between neighboring domains 34 which are virtually perfectly formed as shown.
In other aspects of the disclosed embodiment, material 32, Fig. 5B, may include boundaries 36 between neighboring
domains 34 with discontinuities as shown. Material 32, Figs. 5A and 5B, reduces eddy current losses, and discontinuities
in boundaries 36 between neighboring domains 34 improve the mechanical properties of material 32. The result is that



EP 2 969 315 B1

12

5

10

15

20

25

30

35

40

45

50

55

material 32 may preserve a high permeability, a low coercivity and a high saturation induction of the alloy. Here, boundaries
36 limit electrical conductivity between neighboring domains 34. Material 32 provides a superior magnetic path due to
its permeability, coercivity and saturation characteristics. The limited electrical conductivity of material 32 minimizes
eddy current losses associated with rapid changes of the magnetic field, e.g., as a motor rotates. System 10 and the
method thereof may be a single step, fully automated process which saves time and money and produces virtually no
waste. In alternate aspects of the disclosed embodiment, system 10 may be operated manually, semi automatically or
otherwise.
[0064] System 10"’, Fig. 6, where like parts include like numbers, may also include spray subsystem 60 which includes
at least one port, e.g., port 62 and/or port 63, which is configured to introduce agent 64 into spray chamber 18. Spray
subsystem 60 creates spray 66 and/or spray 67 of spray agent 64 which coats droplets 16 having insulation layers
thereon, e.g., insulation layers 30, Fig. 1, with agent 64, Fig. 3, while droplets 16 are in flight toward surface 20. Agent
64 preferably may stimulate a chemical reaction that forms insulation layer 30 and/or coat the particle to form insulation
layer 30; or a combination thereof, which may take place either simultaneously or sequentially. In a similar manner,
system 10’, Fig. 3, and system 10", Fig. 4, may also introduce an agent at in-flight droplets 16. Caption 28, Fig. 1, shows
one example of agent 64 (in phantom) coating droplets 16 with insulating coating 30. Agent 64 provides material 32 with
additional insulating capabilities. Agent 64 preferably may stimulate the chemical reaction that forms insulation layer 30;
may coat the particle to form insulation layer 30; or a combination thereof which may take place either simultaneously
or sequentially.
[0065] System 10, Figs. 1, 2, and 6 may include charging plate 70, Fig. 6, coupled to DC source 72. Charging plate
70 creates an electric charge on droplets 16 to control their trajectory towards surface 20. Preferably, coils (not shown)
may be used to control the trajectory of droplets 16. Charging plate 70 may be utilized in some applications to electrically
charge droplets 16 so that they repel each other and do not merge with each other.
[0066] System 10, Figs. 1, 2 and 6, may include gas exhaust port 100, Fig. 6. Exhaust port 100 may be used to expel
excessive gas 26 introduced by port 24 and/or excessive agent 64 introduced by spray subsystem 60. In addition, as
certain gases in gas 26 (e.g., reactive atmosphere) are likely to be consumed, exhaust port 100 allows gas 26 to be
replaced in spray chamber 18 in a controlled manner. Similarly, system 10’, Fig. 3, and system 10", Fig. 4, may also
include a gas exhaust port.
[0067] System 10, Figs. 1, 2, and 6, may include pressure sensor 102 inside chamber 46, Fig. 1 or chamber 252, Fig.
2. System 10, Figs. 1, 2, and 6, may also include pressure sensor 104, Fig. 2 inside spray chamber 18 and/or differential
pressure sensor 106, Figs. 1, 2, and 6 between crucible 14 and spray chamber 18 and/or differential pressure sensor
106, Fig. 2, between chamber 252 and spray chamber 18. The information about the pressure difference provided by
sensors 102 and 104 or 106 may be utilized to control the supply of inert gas 47, Figs. 1 and 6, to crucible 14 and the
supply of gas 26 into the spray chamber 18 or the supply of gas 262, 264, Fig. 2, to chamber 252. The difference in the
pressures may serve as a way of controlling the ejection rate of molten alloy 44 through orifice 20. In one design,
controllable valve 108, Fig. 6, coupled to port 45 may be utilized to control the flow of inert gas into chamber 46. Similarly,
control valve 266 may be used to control the flow of gases 262, 264 into chamber 252. Controllable valve 110, Figs. 1,
2, and 6, coupled to port 24 may be utilized to control the flow of gas 26 into spray chamber 18. A flow meter (not shown)
may also be coupled to port 24 to measure the flow rate of gas 26 into spray chamber 18.
[0068] System 10, Figs. 1, 2, and 6, may also include a controller (not shown) that may utilize the measurements from
the sensors 102, 104 and/or 106 and the information from a flow meter coupled to port 24 to adjust the controllable
valves 108, 110 or 266 to maintain the desired pressure differential between chamber 46 and spray chamber 18 or
chamber 252 and spray chamber 18 and the desired flow of gas 26 into spray chamber 18. The controller may utilize
the measurements from temperature sensor 48 in crucible 14 to adjust operation of heater 42 to achieve/maintain the
desired temperature of molten alloy 44. The controller may also control the frequency (and possibly amplitude) of the
force produced by actuator 50, Fig. 1, of the vibration transmitter 51 in the crucible 14.
[0069] System 10, Figs. 1, 2, and 6 may include a device for measuring the temperature of the deposited droplets 16
on material 32 and a device for controlling the temperature of the deposited droplets on material 32.
[0070] System 10", Fig. 7, where like parts include like numbers, may include spray subsystem 60 which includes at
least one port, e.g., port 62 and/or port 63, which is configured to introduce agent 80 into spray chamber 18. Here, a
reactive gas may not be utilized. Spray subsystem 60 creates spray 86 and/or spray 87 of spray agent 80 which coats
droplets 16 with agent 80 to form insulation coating 30, Fig. 1, on droplets 16 while they are in flight toward surface 20.
This creates material 32 having domains 34, Figs 5A-5B, with insulated boundaries 36, e.g., as discussed above.
[0071] Droplet spray subsystem 12, Figs. 1-4, 6 and 7, may be a uniform droplet spray system configured to generate
droplets 16 having a uniform diameter.
[0072] System 10, Figs. 1-4, 6 and 7 and the corresponding method thereof for making material 32 that includes
domains with insulated boundaries may be an alternative material and manufacturing process for the motor cores, or
any similar type device which may benefit from a material having domains with insulated boundaries as will be described
in greater detail below. The stator winding cores of an electric motor may be fabricated using the system and method
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of one or more embodiments of this invention. System 10 may be a single-step net-shape fabrication process which
preferably uses droplet spray deposition subsystem 12 and reactive atmosphere introduced by port 24 to facilitate
controlled formation of insulation layers 30 on the surfaces of droplets 16, as discussed above with reference to Figs. 1-7.
[0073] The material chosen to form droplets 16 makes material 32 highly permeable with low coercivity and high
saturation induction. Boundaries 36, Figs. 5A-5B may somewhat deteriorate the capability of material 32 to provide good
magnetic paths. However, because boundaries 36 may be very thin, e.g., about 0.05 mm to about 5.0 mm, and because
material 32 may be very dense, this deterioration is relatively small. This, in addition to the low cost of making material
32, is another advantage over conventional SMC, discussed in the Background Section above, which have larger gaps
between individual grains as the mating surfaces of neighboring grains of metal powder in SMC do not match perfectly.
Insulation boundaries 36 limit electrical conductivity between neighboring domains 34. Material 32 provides a superior
magnetic path due to its permeability, coercivity and saturation characteristics. The limited electrical conductivity of
material 30 minimizes eddy current losses associated with rapid changes of the magnetic field as the motor rotates.
[0074] Hybrid-field geometries of electric motors may be developed using material 32 with domains 34 with insulated
boundaries 36. Material 32 may eliminate design constraints associated with anisotropic laminated cores of conventional
motors. The system and method of making material 32 of one or more embodiments of this invention may allow for the
motor cores to accommodate built-in cooling passages and cogging reduction measures. Efficient cooling is essential
to increase current density in the windings for high motor output, e.g., in electric vehicles. Cogging reduction measures
are critical for low vibration in precision machines, including substrate-handling and medical robots.
[0075] System 10 and method of making material 32 of one or more embodiments of this invention may utilize the
most recent developments in the area of uniform-droplet spray (UDS) deposition techniques. The UDS process is a way
of rapid solidification processing that exploits controlled capillary atomization of molten jet into mono-size uniform droplets.
See, e.g., Chun, J.-H., and Passow, C.H., Production of Charged Uniformly Sized Metal Droplets, U.S. Patent No.
5,266,098, 1992, and Roy, S., and Ando T., Nucleation Kinetics and Microstructure Evolution of Traveling ASTM F75
Droplets, Advanced Engineering Materials, Vol. 12, No. 9, pp. 912-919, September 2010. The UDS process can construct
objects droplet by droplet as the uniform molten metal droplets are densely deposited on a substrate and rapidly solidified
to consolidate into compact and strong deposits.
[0076] In a conventional UDS process, metal in a crucible is melted by a heater and ejected through an orifice by
pressure applied from an inert gas supply. The ejected molten metal forms a laminar jet, which is vibrated by a piezoelectric
transducer at a specified frequency. The disturbance from the vibration causes a controlled breakup of the jet into a
stream of uniform droplets. A charging plate may be utilized in some applications to electrically charge the droplets so
that they repel each other, preventing merging.
[0077] System 10 and method of making material 32 may use the fundamental elements of the conventional UDS
deposition processes to create droplets 16, Figs. 1-4, 6 and 7, which have a uniform diameter. Droplet spray subsystem
12, Fig. 1, may use a conventional UDS process that is combined with simultaneous formation of insulation layer 30 on
the surface of the droplets 16 during their flight to produce dense material 32 with a microstructure characterized by
small domains of substantially homogeneous material with insulation boundaries that limit electrical conductivity between
neighboring domains. The introduction of a gas 26, e.g., reactive atmosphere or similar type gas, for simultaneous
formation of the insulation layer on the surface of the droplets adds the features of simultaneously controlling the structure
of the substantially homogeneous material within the individual domains, the formation of the layer on the surface of the
particles (which limits electric conductivity between neighboring domains in the resulting material), and breakup of the
layer upon deposition to provide adequate electric insulation while facilitating sufficient bonding between individual
domains.
[0078] Thus far, system 10 and the methods thereof forms an insulation layer on in-flight droplets to form a material
having domains with insulated boundaries. In another disclosed embodiment, system 310, Fig. 8, and the method thereof
forms the insulation layer on droplets which have been deposited on a surface or substrate to form a material having
domains with insulated boundaries. System 310 includes droplet spray subsystem 312 configured to create and eject
molten alloy droplets 316 from orifice 322 and direct molten alloy droplets 316 towards surface 320. Here, droplet spray
subsystem 312 ejects molten alloy droplets into spray chamber 318. In alternate aspects, spray chamber 318 may not
be required as discussed in further detail below.
[0079] Droplet spray subsystem 312 may include crucible 314 which creates molten alloy droplets 316 and directs
molten alloy droplets 316 towards surface 320 inside spray chamber 318. Here, crucible 314 may include heater 342
which forms molten alloy 344 in chamber 346. The material used to make molten alloy 344 may have a high permeability,
low coercivity and high saturation induction. In one example, molten alloy 344 may be made from a magnetically soft
iron alloy, such as iron-base alloy, iron-cobalt alloy, nickel-iron alloy, silicon iron alloy, ferritic stainless steel or similar
type alloy. Chamber 346 receives inert gas 347 via port 345. Here, molten alloy 344 is ejected through orifice 322 due
to the pressure applied from inert gas 347 introduced via port 345. Actuator 350 with vibration transmitter 351 vibrates
a jet of molten alloy 344 at a specified frequency to break up molten alloy 344 into stream of droplets 316 which are
ejected through orifice 322. Crucible 314 may also include temperature sensor 348. Although as shown crucible 314
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includes one orifice 322, in other examples, crucible 314 may have any number of orifices 322 as needed to accommodate
higher deposition rates of droplets 316 on surface 320, e.g., up to 100 orifices or more. Molten alloy droplets 316 are
ejected from orifice 322 and directed toward a surface 320 to form substrate 512 thereon as will be discussed in greater
detail below.
[0080] Surface 320 is preferably moveable, e.g., using stage 340, which may be an X-Y stage, a turn table, a stage
that can additionally change the pitch and roll angle of surface 320, or any other suitable arrangement that can support
substrate 512 and/or move substrate 512 in a controlled manner as it is formed. In one example, system 310 may include
a mold (not shown) that is placed on surface 320 to which substrate 512 fills the mold.
[0081] System 310 also may include one or more spray nozzles, e.g., spray nozzle 500 and/or spray nozzle 502,
configured to direct agent at substrate 512 of deposited droplets 316 and create spray 506 and/or spray 508 of agent
504 that is directed onto or above surface 514 of substrate 512. Here, spray nozzle 500 and/or spray nozzle 502 are
coupled to spray chamber 318. Spray 506 and/or spray 508 may form the insulating layer on surface of deposited droplets
316 before or after droplets 316 are deposited on substrate 512, either by directly forming the insulating layer on droplets
316 or by facilitating, participating, and/or accelerating a chemical reaction that forms the insulating layer on the surface
of droplets 316 deposited on surface 320.
[0082] For example, spray 506, 508 of agent 504 may be used to facilitate, participate, and/or accelerate a chemical
reaction that forms insulation layers on deposited droplets 316 that form substrate 512 or that are subsequently deposited
on substrate 512. For example, spray 506, 508 may be directed at substrate 512, Fig. 9, indicated at 511. In this example,
spray 506, 508 facilitates, accelerates, and/or participates in a chemical reaction with substrate 512 (and subsequent
layers of deposited droplets 316 thereon) to form insulating layer 530 on the surface of deposited droplets 316 as shown.
As subsequent layers of droplets 316 are deposited, spray 506, 508 facilitates, accelerates and/or participates, a chemical
reaction to form and insulation layers 330 on the subsequent deposited layers of droplets, e.g., as indicated at 513, 515.
Material 332 is created having domains 334 with insulated boundaries 336 there between.
[0083] Fig. 10A shows one example of material 332 that includes domains 334 with insulated boundaries 336 there
between created using one embodiment of system 310 discussed above with reference to one or more of Figs. 8 and
9. Insulated boundaries 336 are formed from insulation layer 330, Fig. 9, on droplets 316. In one example, material 332,
Fig 10A, includes boundaries 336 between neighboring domains 334 which are virtually perfectly formed as shown. In
other examples, material 332, Fig. 10B, may include boundaries 336’ between neighboring domains 334 with disconti-
nuities as shown. Material 332, Figs. 9, 10A and 10B, reduces eddy current losses, and discontinuities boundaries 336
between neighboring domains 334 improve the mechanical properties of material 332. The result is that material 332
may preserve a high permeability, a low coercivity and a high saturation induction of the alloy. Boundaries 336 limit
electrical conductivity between neighboring domains 334. Material 332 provides a superior magnetic path due to its
permeability, coercivity and saturation characteristics. The limited electrical conductivity of material 332 minimizes eddy
current losses associated with rapid changes of the magnetic field as a motor rotates. System 310 and the method
thereof may be a single step, fully automated process which saves time and money and produces virtually no waste.
[0084] Fig. 11 shows one embodiment of system 310, Fig. 8, wherein spray 506, 508, instead of facilitating, participating,
and/or accelerating a chemical reaction to form insulation layer as shown in Fig. 9 directly forms insulation layers 330,
Fig. 8, on deposited droplets 316 on substrate 512. In this example, substrate 512, is moved, e.g., in the direction
indicated by arrow 517, using stage 340, Fig. 8. Spray 506, 508, Fig. 11, is then directed at deposited droplets 316 on
substrate 512, indicated at 519. Insulation layer 330 then forms on each of the deposited droplets 316 as shown. As
subsequent layers of droplets 316 are deposited, indicated at 521, 523, spray 506, 508 of agent 504 is sprayed thereon
to directly create insulation layer 330 on each of the deposited droplets of each new layer. The result is material 332 is
created which includes domains 334 with insulated boundaries 336, e.g., as discussed above with reference to Figs.
9-10B.
[0085] Fig. 12 shows one example of system 310, Fig. 8, wherein spray 506, 508, Fig. 12, is sprayed on substrate
512 to form an insulation layer thereon before droplets 316 are deposited, indicated at 525. Thereafter, spray 506, 508
may be directed at subsequent layers of deposited droplets 316 on substrate 512 to form insulation layer 330 indicated
at 527, 529. The result is material 332 is created which includes domains 334 with insulated boundaries 336, e.g., as
discussed above with reference to Figs. 10A-10B.
[0086] Insulating layer 330 on deposited droplets 16 may be formed by a combination of any of the processes discussed
above with reference to one or more of Figs. 8-12. The two processes may take place in sequence or simultaneously.
[0087] In one example, agent 504 that creates spray 506 and/or spray 508, Figs. 8-12, may be ferrite powder, a solution
containing ferrite powder, an acid, water, humid air or any other suitable agent involved in the process of producing an
insulating layer on the surface of the substrate.
[0088] System 310’, Fig. 13, where like parts have like numbers, preferably includes chamber 318 with separation
barrier 524 that creates sub-chambers 526 and 528. Separation barrier 524 preferably includes opening 529 configured
to allow droplets 316, e.g., droplets of molten alloy 344 or similar type material, to flow from sub-chamber 526 to sub-
chamber 528. Sub-chamber 526 may include gas inlet 528 and gas exhaust 530 configured to maintain a predetermined
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pressure and gas mixture in sub-chamber 226, e.g., a substantially neutral gas mixture. Sub-chamber 528 may include
gas inlet 530 and gas exhaust 532 configured to maintain predetermined pressure and gas mixture in sub-chamber 528,
e.g., as substantially reactive gas mixture.
[0089] The predetermined pressure in sub-chamber 526 may be higher than the predetermined pressure in sub-
chamber 528 to limit the flow of gas from sub-chamber 526 to sub-chamber 528. In one example, the substantially neutral
gas mixture in sub-chamber 526 may be utilized to prevent reaction with droplets 316 with orifice 322 on the surface of
droplets 316 before they land on the surface of substrate 512. The substantially reactive gas mixture in sub-chamber
528 may be introduced to participate, facilitate and/or accelerate in a chemical reaction with substrate 512, and subse-
quent layers of deposited droplets 316, to form an insulating layer 330 on deposited droplets 316. For example, insulating
layer 330, Fig. 14, may be formed on deposited droplets 316 after they land on substrate 512. The deposited droplets
316 react with the reactive gas in sub-chamber 528, Fig. 13 which facilitates, participates, and/or accelerates a chemical
reaction to create insulation layer 330 indicated at 531. As subsequent layers of droplets are added, the gas in sub-
chamber 528 may facilitate, participates, and/or accelerates a reaction with droplets 316 to create insulation layers 330
on substrate 512, indicated at 533 and 535. Material 332 having domains 334 with insulated boundaries 336 there
between is then formed, e.g., as discussed above with reference to Figs 10A-10B.
[0090] System 310", Fig. 15, where like parts have like numbers, preferably includes chamber 314 with only one
chamber 528. In this design, droplets 316 are directed directly into chamber 528 which is preferably designed to minimize
the travel distance of droplets 316 between orifice 322 and surface 510 of substrate 512. This preferably limits the
exposure of droplets 316 to the substantially reactive gas mixture in sub-chamber 528. System 310" creates material
332 in a similar manner to system 310’, Fig. 14.
[0091] For the deposition process of droplets 316, system 310, Figs. 8-9 and 11-15 provides for moving substrate 512
on surface 320 of stage 340 with respect to the stream of droplets 316 ejected from the crucible 314 or similar type
device. System 310 may also provide for deflecting droplets 316, for example, with magnetic, gas flow or other suitable
deflection system. Such deflection may be used alone or in combination with stage 340. In either case, droplets 316 are
deposited in a substantially discrete manner, i.e., two consecutive droplets 316 may exhibit limited or no overlap upon
deposition. As an example, the following relationship may be satisfied for discrete deposition in accordance with one or
more embodiment of system 310: 

where vl is speed of substrate, f is frequency of deposition, i.e., frequency of ejection of droplets 316 from crucible 314,
and ds is diameter of splat formed by a droplet after landing on the surface of the substrate.
[0092] Examples of the one of more aspects of the disclosed embodiment of system 310 performing discrete deposition
of droplets 316 are shown in one or more of Figs. 8-9 and 11-15. In one embodiment, the relative motion of substrate
512 with respect to the stream of droplets 316 may be controlled so that discrete deposition across an area of a substrate
is achieved, e.g., as shown in Fig. 16. The following relationships may be used for this example of the deposition process
of droplets 316:

where ds and b represent spacing of first layer created by droplets 316 and m and n are offsets to each consecutive
layer of droplets 316.
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[0093] In the example shown in Fig. 16, the motion of substrate 512 on stage 340, Figs. 8, 13 and 15 may be controlled
so that rows A, B and C, Fig. 16, are deposited consecutively in a discrete manner. For example, rows A1, B1, C1 may
represent the first layer, indicated as Layer 1, rows A2, B2, C2 may represent the second layer, indicated as Layer 2,
and rows A3, B3, C3 may represents the third layer, indicated by Layer 3 of the deposited droplets 316. In the pattern
shown in Fig. 16, the layer arrangement may repeat itself after the third layer, i.e., the layer following Layer 3 will be
identical in spacing and positioning as Layer 1. Alternatively, the layers may repeat after every second layer. Alternately,
any suitable combination of layers or patterns may be provided.
[0094] System 310, Figs. 8, 13 and 15, may include nozzle 323 having plurality of spaced orifices, e.g., spaced orifices
322, Fig. 17, employed to deposit multiple rows of droplets 316 simultaneously to achieve higher deposition rates. As
shown in Figs. 16 and 17, the deposition process of droplets 316 discussed above may result in material 332 having
domains with insulated boundaries there between, discussed in detail above.
[0095] Although as discussed above with reference to Figs. 8, 13 and 15, droplet spray subsystem 312 is shown
having crucible 314 configured to eject molten alloy droplets 316 into spray chamber 318, this is not a necessary limitation
of the disclosed embodiment. System 310, Fig. 18, where like parts have been given like numbers, may include droplet
spray subsystem 312’. In this example, droplet spray subsystem 312’ preferably includes wire arc droplet spray subsystem
550 which creates molten alloy droplets 316 and directs molten alloy droplets 316 towards surface 320 inside spray
chamber 318. Wire arc droplet spray subsystem 550 also preferably includes chamber 552 which houses positive wire
arc wire 554 and negative arc wire 556. Alloy 558 may be disposed in each of arc wires 554 and 556. In one aspect,
alloy 558 used to create droplets 316 sprayed toward substrate 512 may be composed mainly of iron (e.g., greater than
about 98%) with very low amount of carbon, sulfur, and nitrogen content, (e.g., less than about 0.005%) and may include
minute quantities of AI and Cr (e.g., less than about 1%) with the balance, in this example, being Si to achieve good
magnetic properties. The metallurgical composition may be tuned to provide improvements in the final properties of the
material having domains with insulated boundaries. Nozzle 560 is shown configured to introduce one or more gases
562 and 564, e.g., ambient air, argon, and the like, to create gas 568 inside chamber 552 and chamber 318. Preferably,
pressure control valve 566 controls the flow of one or more of gases 562, 564 into chamber 552.
[0096] In operation, the voltage applied to positive arc wire 554 and negative arc wire 556 creates arc 570 which
causes alloy 558 to form molten alloy droplets 316, which are directed towards surface 320 inside chamber 318. In one
example, voltages between about 18 and 48 volts and currents between about 15 to 400 amperes may be applied to
positive arc wire 554 and negative arc wire 556 to provide a continuous wire arc spray process of droplets 316. The
deposited molten droplets 316 may react on the surface with surrounding gas 568, also shown in Figs. 19-20, to develop
a non-conductive surface layer on deposited droplets 316. This layer may serve to suppress eddy current losses in
material 332, Figs. 10A-10B, having domains with insulated boundaries. For example, surrounding gas 568 may be
atmospheric air. In this case, oxide layers may form on iron droplets 316. These oxide layers may include several
chemical species, including, e.g., FeO, Fe2O3, Fe3O4, and the like. Among these species, FeO and Fe2O3 may have
resistivities eight to nine orders of magnitude higher than pure iron. In contrast, Fe3O4 resistivity may be two to three
orders of magnitude higher than iron. Other reactive gases may also be used to produce other high resistivity chemical
species on the surface. Simultaneously or separately, an insulating agent may be co-sprayed, e.g., as discussed above
with reference to one or more of Figs. 8-9 and 11-15 during the metal spray process to promote higher resistivity, e.g.,
a lacquer or enamel. The co-spray may promote or catalyze a surface reaction.
[0097] In another example, system 310"’, Fig. 19, where like parts have been given like numbers, includes droplet
spray subsystem 312". Subsystem 312" includes wire arc deposition subsystem 550’ that creates molten alloy droplets
316 and directs molten alloy droplets 316 towards surface 320. In this example, droplet spray subsystem 312" does not
include chamber 552, Fig. 18, and chamber 318. Instead, nozzle 560, Fig. 19, is configured to introduce one or more
gases 562, 564 to create gas 568 in the area proximate positive arc wire 554 and negative arc wire 556. Gas 568 propels
droplets 316 toward surface 514. Spray 506 and/or spray 508 of agent 504 is then directed onto or above surface 514
of substrate 512, having deposited droplets 316 thereon, e.g., using spray nozzle 513, similar as discussed above. In
this design, a shroud, e.g., shroud 523, may be surround spray 506 and/or spray 508 of agent 504 and droplets 316
which are deposited on substrate 512.
[0098] System 310"’, Fig. 20, where like parts have been given like numbers, is similar to system 310", Fig. 19, except
wire arc spray subsystem 550" includes a plurality of positive arc wire 554, negative arc wires 556 and nozzles 560
which may be used simultaneously to achieve higher spray deposition rates of molten alloy droplets 316. Wire arcs 254,
256, and similar deposition devices, may be provided in different directions to form the material having domains of
insulated boundaries. Spray 506 and/or spray 508 of agent 504 is directed onto or above surface 514 of substrate 512,
similar as discussed above with reference to Fig. 19. Here, a shroud, e.g., shroud 523, may surround spray 506 and/or
spray 508 of agent 504 and droplets 316 deposited on substrate 512.
[0099] In other examples, droplet spray subsystem 312 shown in one or more of Figs. 8-19 may include one or more
of a plasma spray droplet deposition subsystem, a detonation spray droplet depositions subsystem, a flame spray droplet
deposition subsystem, a high velocity oxygen fuel spray (HVOF) droplet deposition subsystem, a warm spray droplet
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deposition subsystem, a cold spray droplet deposition subsystem, and a wire arc droplet deposition subsystem, each
configured to form the metal alloy droplets and direct the molten alloy droplets towards surface 320.
[0100] Wire arc spray droplet deposition subsystem 550, Figs. 19-20, may form the insulating boundaries by controlling
and facilitating one or more of the following spray parameters: wire speed, gas pressure, shroud gas pressure, spraying
distance, voltage, current, speed of substrate motion, and/or the speed of arc tool movement. One or more of the following
process choices may also be optimized to attain improved structure and properties of the material having domains with
insulated boundaries: composition of wires, composition of shroud gas/atmosphere, preheating or cooling of atmosphere
and/or substrate, in process cooling and/or heating of substrate and/or part. A composition of two or more gases may
be employed in addition to pressure control to improve process outcomes.
[0101] Droplet spray subsystem 312, Figs. 8, 13, 15, 18, 19, and 20 may be mounted on a single or plurality of robotic
arms and/or mechanical arrangements so as to improve part quality, reduce spray time, and improve process economics.
The subsystems may spray droplets 316 simultaneously at the same approximate location or may be staggered so as
the spray a certain location in a sequential manner. Droplet spray subsystem 312 may be controlled and facilitated by
controlling one or more of the following spray parameters: wire speed, gas pressure, shroud gas pressure, spraying
distance, voltage, current, speed of substrate motion, and/or the speed of arc tool movement.
[0102] In any aspect of the disclosed embodiments discussed above, the overall magnetic and electric properties of
the formed material having domains with insulated boundaries may be improved by regulating the properties of the
insulating material. The permeability and resistance of the insulating material has a significant impact on the net properties.
The properties of the net material having domains with insulated boundaries may thus be improved by adding agents
or inducing reactions which improve the properties of the insulation, e.g., the promotion of Mn, Zn spinel formation in
iron oxide based insulation coating may significantly improve the overall permeability of the material.
[0103] Thus far, system 10 and system 310 and the methods thereof forms an insulation layer on in-flight or deposited
droplets to form the material having domains with insulated boundaries. In another disclosed embodiment, system 610,
Fig. 21, and the method thereof, forms the material having domains with insulated boundaries by injecting a metal powder
comprised of metal particles coated with an insulation material into a chamber to partially melt the insulation layer. The
conditioned particles are then directed at a stage to form the material having domains with insulated boundaries. System
610 includes combustion chamber 612 and gas inlet 614 which injects gas 616 into chamber 612. Fuel inlet 618 injects
fuel 620 into chamber 612. Fuel 620 may be a fuel such as kerosene, natural gas, butane, propane, and the like. Gas
616 may be pure oxygen, an air mixture, or similar type gas. The result is a flammable mixture inside chamber 612.
Igniter 622 is configured to ignite the flammable mixture of fuel and gas to create a predetermined temperature and
pressure in combustion chamber 612. Igniter 622 may be a spark plug or similar type device. The resulting combustion
increases the temperature and pressure within combustion chamber 612 and the combustion products are propelled
out of chamber 612 via outlet 624. Once the combustion process achieves a stead state, i.e. when the temperature and
pressure in combustion chamber stabilizes, e.g., to a temperature of about 1500K and a pressure of about 1 MPa, metal
powder 624 is injected into combustion chamber 612 via inlet 626. Metal powder 624 is preferably comprised of metal
particles 626 coated with an insulating material. As shown by caption 630, particles 626 of metal powder 624 include
inner core 632 made of a soft magnetic material, such as iron or similar type material, and outer layer 634 made of the
electrically insulating material preferably comprised of ceramic-based materials, such as alumina, magnesia, zirconia,
and the like, which results in outer layer 634 having a high melting temperature. In one example, metal powder 624
comprised of metal particles 626 having inner core 632 coated with insulating material 634 may be produced by me-
chanical (mechanofusion) or chemical processes (soft gel). Alternatively, insulation layer 634 can be based on ferrite-
type materials which can improve magnetic properties due to their high reactive permeability by preventing or limiting
the heat temperature, e.g., such as annealing.
[0104] After metal powder 624 is injected into pre-conditioned combustion chamber 612, particles 626 of metal powder
624 undergo softening and partial melting due to the high temperature in chamber 612 to form conditioned droplets 638
inside chamber 612. Preferably, conditioned droplets 638 have a soft and/or partially melted inner core 632 made of a
soft magnetic material and a solid outer layer 634 made of the electrically insulated material. Conditioned droplets 638
are then accelerated and ejected from outlet 624 as stream 640 that includes both combustion gases and conditioned
droplets 638. As shown in caption 642, droplets 638 in stream 640 preferably have a completely solid outer layer 634
and a softened and/or partially melted inner core 632. Stream 640, carrying conditioned droplets 638, is directed at stage
644. Stream 640 is preferably traveling in a predetermined speed, e.g., about 350m/s. Conditioned droplets 638 then
impact stage 644 and adhere thereto to form material 648 having domains with insulated boundaries thereon. Caption
650 shows in further detail one example of material 648 with domains 650 of soft magnetic material with electrically
insulated boundaries 652.
[0105] Fig. 22A shows an example of material 48 that includes domains 650 with insulated boundaries 652 therebe-
tween. In one example, material 648 includes boundaries 652 between neighboring domains 650 which are virtually
perfectly formed as shown. In other examples, material 648, Fig. 22B, may include boundaries 652’ between neighboring
domains 50 with discontinuities as shown. Material 648, Figs. 22A and 22B, reduces eddy current losses and disconti-
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nuities boundaries 652 between neighboring domains 650 improve the mechanical properties of material 648. The result
is that material 648 preserves a high permeability, a low coercivity and a high saturation induction of the alloy. Boundaries
652 limit electrical conductivity between neighboring domains 650. Material 648 preferably provides a superior magnetic
path due to its permeability, coercivity and saturation characteristics. The limited electrical conductivity of material 648
minimizes eddy current losses associated with rapid changes of the magnetic field as a motor rotates. System 610 and
the method thereof may be a single step, fully automated process which saves time and money and produces virtually
no waste.
[0106] System 10, 310, and 610 shown in one or more of Figs. 1-22B, provides for forming bulk material 32, 332, 512,
648 from metal material 44, 344, 558, 624 and source 26, 64, 504, 634 of insulating material where the metal material
and the insulating material may be any suitable metal or insulating material. System 10, 310, 610 for forming the bulk
material includes, e.g., support 40, 320, 644 configured to support the bulk material. Support 40, 320, 644 may have a
flat surface as shown or alternately may have any suitably shaped surface(s), for example where it is desired for the
bulk material to conform to the shape. System 10, 310, 610 also includes heating device, e.g., 42, 254, 256, 342, 554,
556, 612, a deposition device, e.g., deposition device 22, 270, 322, 570, 624, and a coating device, e.g., coating device
24, 263, 500, 502. The deposition device may be any suitable deposition device, for example, by pressure, field, vibration,
piezo electric, piston and orifice, by back pressure or pressure differential, ejection or otherwise any suitable method.
The heating device heats the metal material to a softened or molten state. The heating device may be by electric heating
elements, induction, combustion or any suitable heating method. The coating device coats the metal material with the
insulating material. The coating device may be by direct application, chemical reaction with gas, solid or liquid(s), reactive
atmosphere, mechanical fusion, Sol-gel, spray coating, spray reaction or any suitable coating device, method, or com-
bination thereof. The deposition device deposits particles of the metal material in the softened or molten state on to the
support forming the bulk material. The coating may be a single or multi-layer coating. In one aspect, the source of
insulating material may be a reactive chemical source where the deposition device deposits the particles of the metal
material in the softened or molten state on to the support in a deposition path 16, 316, 640 where insulating boundaries
are formed on the metal material by the coating device from a chemical reaction of the reactive chemical source in the
deposition path. In another aspect, the source of insulating material may be a reactive chemical source where insulating
boundaries are formed on the metal material by the coating device from a chemical reaction of the reactive chemical
source after the deposition device deposits the particles of the metal material in the softened or molten state on to the
support. In another aspect, the source of insulating material may be a reactive chemical source where the coating device
coats the metal material 34, 334, 642 with the insulating material forming insulating boundaries 36, 336, 652 from a
chemical reaction of the reactive chemical source at the surface of the particles. In another aspect, the deposition device
may be a uniform droplet spray deposition device. In another aspect, the source of insulating material may be a reactive
chemical source where the coating device coats the metal material with the insulating material forming insulating bound-
aries formed from a chemical reaction of the reactive chemical source in a reactive atmosphere. The source of insulating
material may be a reactive chemical source and an agent where the coating device coats the metal material with the
insulating material forming insulating boundaries formed from a chemical reaction of the reactive chemical source in a
reactive atmosphere stimulated by a co-spraying of the agent. The coating device may coat the metal material with the
insulating material forming insulating boundaries formed from a co-spraying of the insulating material. Further, the coating
device may coat the metal material with the insulating material forming insulating boundaries formed from a chemical
reaction and a coating from the source of insulating material. Here, the bulk material has domains 34, 334, 650 formed
from the metal material with insulating boundaries 36, 336, 652 formed from the insulating material. The softened state
may be at a temperature below the melting point of the metal material where the deposition device may deposit the
particles simultaneously while the coating device coats the metal material with the insulating material. Alternately, the
coating device may coat the metal material with the insulating material after the deposition device deposits the particles.
In one aspect of the disclosed embodiment, the system may be provided for forming a soft magnetic bulk material 32,
332, 512, 648 from a magnetic material 44, 344, 558, 624 and a source 26, 64, 504, 634 of insulating material. The
system for forming the soft magnetic bulk material may have a support 40, 320, 644 configured to support the soft
magnetic bulk material. Heating device 42, 254, 256, 342, 554, 556, 612 and a deposition device 22, 270, 322, 570, 612
may be coupled to the support. The heating device heats the magnetic material to a softened state and the deposition
device deposits particles 16, 316, 638 of the magnetic material in the softened state on to the support forming the soft
magnetic bulk material where the soft magnetic bulk material has domains 34, 334, 650 formed from the magnetic
material with insulating boundaries 36, 336, 652 formed from the source of insulating material. Here, the softened state
may be at a temperature above or below the melting point of the magnetic material.
[0107] Referring now to Figs. 23A and 23B, there is shown one example of a cross section of bulk material 700. Bulk
material 700 may be a soft magnetic material and may have features as discussed above, for example, with respect to
material 32, 332, 512, 648 or otherwise. By way of example, a soft magnetic material may have properties of low
coercivity, high permeability, high saturation flux, low eddy current loss, low net iron loss or with properties of ferromag-
netic, iron, electrical steel or other suitable material. In contrast, a hard magnetic material has high coercivity, high
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saturation flux, high net iron loss or with properties of magnets or permanent magnets or other suitable material. Figs.
23A and 23B also show cross sections of spray deposited bulk material, for example, a cross section of the multi layered
material as shown, e.g., in Fig. 16. Here, bulk material 700, Figs. 23A and 23B, is shown formed on surface 702. Bulk
material 700 has a plurality of adhered domains 710 of metal material, substantially all of the domains of the plurality of
domains of metal material separated by a predetermined layer of high resistivity insulating material 712. The metal
material may be any suitable metal material. A first portion 714 of the plurality of domains of metal material is shown
forming a formed surface 716 corresponding to the surface 702. A second portion 718 of the plurality of domains 710
of metal material is shown having successive domains, e.g., domains 720, 722 of metal material progressing from the
first portion 714. Substantially all of the domains in the successive domains 720, 722 ... of metal material having first
730 and second 732 surfaces, respectively, first surface opposing the second surface, the second surface conforming
to the shape of the domains of metal material that the second surface has progressed from, e.g., as indicated by arrow
733 between first surface 730 and second surface 732. A majority of the domains in the successive domains of metal
material have the first surface being a substantially convex surface and the second surface having one or more sub-
stantially concave surfaces. The layer of high resistivity insulating material may be any suitable electrically insulating
material. For example, in one aspect the layer may be selected from materials having a resistivity greater than about
1x103Ω-m. In another aspect, the electrically insulating layer or coating may have high electrical resistivity, such as with
materials alumina, zirconia, boron nitride, magnesium oxide, magnesia, titania or other suitable high electrical resistivity
material. In another aspect, the layer may be selected from materials having a resistivity greater than about 1x108 Ω-
m. The layer of high resistivity insulating material may have a selectable thickness that is substantially uniform, for
example, as disclosed. The metal material may also be a ferromagnetic material. In one aspect, the layer of high resistivity
insulating material may be ceramic. Here, the first surface and the second surface may form an entire surface of the
domain. The first surfaces may progress in a substantially uniform direction from the first portion. Bulk material 700 may
be a soft magnetic bulk material formed on surface 702 where the soft magnetic bulk material has a plurality of domains
710 of magnetic material, each of the domains of the plurality of domains of magnetic material substantially separated
by a selectable coating of high resistivity insulating material 712. A first portion 714 of the plurality of domains of magnetic
material may form a formed surface 716 corresponding to surface 702 while a second portion 718 of the plurality of
domains of magnetic material has successive domains 720, 722... of magnetic material progressing from the first portion
714. Substantially all of the domains in the successive domains of magnetic material have first 730 and second 732
surfaces with the first surface having a substantially convex surface and the second surface having one or more sub-
stantially concave surfaces. In another aspect, voids 740 may exist in material 700 shown in Fig. 23B. Here, the magnetic
material may be a ferromagnetic material and the selectable coating of high resistivity insulating material may be ceramic
with the first surface substantially opposing the second surface and with the first surfaces progressing in a substantially
uniform direction 741 from the first portion 714.
[0108] As will be described with respect to Figs. 24-36, electrical devices are shown that may be coupled to an electrical
power source. In each case, the electrical device has a soft magnetic core with material as disclosed herein and a
winding coupled to the soft magnetic core and surrounding a portion of the soft magnetic core with the winding coupled
to the power source. In alternate aspects, any suitable electrical device that has a core or soft magnetic core with material
as disclosed herein may be provided. For example and as disclosed, the core may have a plurality of domains of magnetic
material, each of the domains of the plurality of domains of magnetic material substantially separated by a layer of high
resistivity insulating material. The plurality of domains of magnetic material may have successive domains of magnetic
material progressing through the soft magnetic core with substantially all of the successive domains of magnetic material
having first and second surfaces, the first surface comprising a substantially convex surface and the second surface
comprising one or more substantially concave surfaces. Here and as disclosed, the second surface conforms to the
shape of the domains of metal material that the second surface has progressed from with a majority of the domains in
the successive domains of metal material having the first surface comprising a substantially convex surface and the
second surface comprising one or more substantially concave surfaces. By way of example, the electrical device may
be an electric motor coupled to a power source, the electric motor having a frame with a rotor and a stator coupled to
the frame. Here, either the rotor or the stator may have a winding coupled to the power source and a soft magnetic core
with the winding wound about a portion of the soft magnetic core. The soft magnetic core may have a plurality of domains
of magnetic material, each of the domains of the plurality of domains of magnetic material substantially separated by a
layer of high resistivity insulating material as disclosed herein. In alternate aspects, any suitable electrical device that
has a soft magnetic core with material as disclosed herein may be provided.
[0109] Referring now to Fig. 24, there is shown an exploded isometric view of brushless motor 800. Motor 800 is
shown having rotor 802, stator 804 and housing 806. Housing 806 may have position sensor or hall elements 808. Stator
804 may have windings 810 and stator core 812. Rotor 802 may have rotor core 814 and magnets 816. In the disclosed
embodiment, stator core 812 and/or rotor core 814 may be fabricated from the material and methods discussed above
having insulated domains and the methods thereof disclosed above. Here, stator core 812 and/or rotor core 814 may
be fabricated either completely or in part from bulk material such as material 32, 332, 512, 648, 700 and as discussed
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above where the material is highly permeable magnetic material having domains of highly magnetically permeable
material with insulating boundaries. In alternate aspects of the disclosed embodiment, any portion of motor 800 may be
made from such material and where motor 800 may be any suitable electric motor or device using as any component
or a portion of a component fabricated from the highly permeable magnetic material having domains of highly permeable
magnetic material with insulated boundaries.
[0110] Referring now to Fig. 25, there is shown a schematic view of brushless motor 820. Motor 820 is shown having
rotor 822, stator 824 and base 826. Motor 820 may also be an induction motor, a stepper motor or similar type motor.
Housing 827 may have position sensor or hall elements 828. Stator 824 may have windings 830 and stator core 832.
Rotor 822 may have rotor core 834 and magnets 836. In the disclosed embodiment, stator core 832 and/or rotor core
834 may be fabricated from the disclosed materials and/or by the methods discussed above. Here, stator core 832
and/or rotor core 834 may be fabricated either completely or in part from bulk material such as material 32, 332, 512,
648, 700 and as discussed above where the material is highly permeable magnetic material having domains of highly
magnetically permeable material with insulating boundaries. In alternate aspects, any portion of motor 820 may be made
from such material and where motor 820 may be any suitable electric motor or device using as any component or a
portion of a component fabricated from the highly permeable magnetic material having domains of highly permeable
magnetic material with insulated boundaries.
[0111] Referring now to Fig. 26A, there is shown a schematic view of linear motor 850. Linear motor 850 has primary
852 and secondary 854. Primary 852 has primary core 862 and windings 856, 858, 860. Secondary 854 has secondary
plate 864 and permanent magnets 866. In the disclosed embodiment, primary core 862 and/or secondary plate 864 may
be fabricated from the materials and/or by the disclosed methods disclosed herein. Here, primary core 862 and/or
secondary plate 864 may be fabricated either completely or in part from bulk material, such as material 32, 332, 512,
648, 700 and as disclosed herein where the material is highly permeable magnetic material having domains of highly
magnetically permeable material with insulating boundaries. In alternate aspects, any portion of motor 850 may be made
from such material and where motor 850 may be any suitable electric motor or device using as any component or a
portion of a component fabricated from the highly permeable magnetic material having domains of highly permeable
magnetic material with insulated boundaries.
[0112] Referring now to Fig. 26B, there is shown a schematic view of linear motor 870. Linear motor 870 has primary
872 and secondary 874. Primary 872 has primary core 882, permanent magnets 886 and windings 876, 878, 880.
Secondary 874 has toothed secondary plate 884. In the disclosed embodiment, primary core 882 and/or secondary
plate 884 may be fabricated from the materials and/or by the disclosed methods disclosed herein. Here, primary core
882 and/or secondary plate 884 may be fabricated either completely or in part from bulk material such as material 32,
332, 512, 648, 700 and as disclosed herein where the material is highly permeable magnetic material having domains
of highly magnetically permeable material with insulating boundaries. In alternate aspects, any portion of motor 870 may
be made from such material and where motor 870 may be any suitable electric motor or device using as any component
or a portion of a component fabricated from the highly permeable magnetic material having domains of highly permeable
magnetic material with insulated boundaries.
[0113] Referring now to Fig. 27, there is shown an exploded isometric view of electric generator 890. Generator or
alternator 890 is shown having rotor 892, stator 894 and frame or housing 896. Housing 896 may have brushes 898.
Stator 894 may have windings 900 and stator core 902. Rotor 892 may have rotor core 895 and windings 906. In the
disclosed embodiment, stator core 902 and/or rotor core 895 may be fabricated from the disclosed materials and / or
by the disclosed methods. Here, stator core 902 and/or rotor core 904 may be fabricated either completely or in part
from bulk material, such as material 32, 332, 512, 648, 700 and as described where the material is highly permeable
magnetic material having domains of highly magnetically permeable material with insulating boundaries. In alternate
aspects, any portion of alternator 890 may be made from such material and where alternator 890 may be any suitable
generator, alternator or device using as any component or a portion of a component fabricated from the highly permeable
magnetic material having domains of highly permeable magnetic material with insulated boundaries.
[0114] Referring now to Fig. 28, there is shown a cutaway isometric view of stepping motor 910. Motor 910 is shown
having rotor 912, stator 914 and housing 916. Housing 916 may have bearings 918. Stator 914 may have windings 920
and stator core 922. Rotor 912 may have rotor cups 924 and permanent magnet 926. In the disclosed embodiment,
stator core 922 and/or rotor cups 924 may be fabricated from the disclosed materials and/or by the disclosed methods.
Here, stator core 922 and/or rotor cups 924 may be fabricated either completely or in part from bulk material such as
material 32, 332, 512, 648, 700 and as described where the material is highly permeable magnetic material having
domains of highly magnetically permeable material with insulating boundaries. In alternate aspects, any portion of motor
890 may be made from such material and where motor 890 may be any suitable electric motor or device using as any
component or a portion of a component fabricated from the highly permeable magnetic material having domains of highly
permeable magnetic material with insulated boundaries.
[0115] Referring now to Fig. 29, there is shown an exploded isometric view of an AC motor 930. Motor 930 is shown
having rotor 932, stator 934 and housing 936. Housing 936 may have bearings 938. Stator 934 may have windings 940
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and stator core 942. Rotor 932 may have rotor core 944 and windings 946. In the disclosed embodiment, stator core
942 and/or rotor core 944 may be fabricated from the disclosed materials and/or by the disclosed methods. Here, stator
core 942 and/or rotor core 944 may be fabricated either completely or in part from bulk material such as material 32,
332, 512, 648, 700 and as described where the material is highly permeable magnetic material having domains of highly
magnetically permeable material with insulating boundaries. In alternate aspects of the disclosed embodiment, any
portion of motor 930 may be made from such material and where motor 930 may be any suitable electric motor or device
using as any component or a portion of a component fabricated from the highly permeable magnetic material having
domains of highly permeable magnetic material with insulated boundaries.
[0116] Referring now to Fig. 30, there is shown a cutaway isometric view of an acoustic speaker 950. Speaker 950 is
shown having frame 952, cone 954, magnet 956, winding or voice coil 958 and core 960. Here, core 960 may be fabricated
either completely or in part from bulk material such as material 32, 332, 512, 648, 700 and as described where the
material is highly permeable magnetic material having domains of highly magnetically permeable material with insulating
boundaries. In alternate aspects, any portion of speaker 950 may be made from such material and where speaker 950
may be any suitable speaker or device using as any component or a portion of a component fabricated from the highly
permeable magnetic material having domains of highly permeable magnetic material with insulated boundaries.
[0117] Referring now to Fig. 31, there is shown a isometric view of transformer 970. Transformer 970 is shown having
core 972 and coil or windings 974. Here, core 972 may be fabricated either completely or in part from bulk material such
as material 32, 332, 512, 648, 700 and as described where the material is highly permeable magnetic material having
domains of highly magnetically permeable material with insulating boundaries. In alternate aspects of the disclosed
embodiment, any portion of transformer 970 may be made from such material and where transformer 970 may be any
suitable transformer or device using as any component or a portion of a component fabricated from the highly permeable
magnetic material having domains of highly permeable magnetic material with insulated boundaries.
[0118] Referring now to Figs. 32 and 33, there is shown a cutaway isometric view of power transformer 980. Transformer
980 is shown having oil filled housing 982, radiator 984, core 986 and coil or windings 988. Here, core 986 may be
fabricated either completely or in part from bulk material such as material 32, 332, 512, 648, 700 and as described where
the material is highly permeable magnetic material having domains of highly magnetically permeable material with
insulating boundaries. In alternate aspects of the disclosed embodiment, any portion of transformer 980 may be made
from such material and where transformer 980 may be any suitable transformer or device using as any component or
a portion of a component fabricated from the highly permeable magnetic material having domains of highly permeable
magnetic material with insulated boundaries.
[0119] Referring now to Fig. 34, there is shown a schematic view of solenoid 1000. Solenoid 1000 is shown having
plunger 1002, coil or winding 1004 and core 1006. Here, core 1006 and/or plunger 1002 may be fabricated either
completely or in part from bulk material such as material 32, 332, 512, 648, 700 and as described where the material is
highly permeable magnetic material having domains of highly magnetically permeable material with insulating boundaries.
In alternate aspects of the disclosed embodiment, any portion of solenoid 1000 may be made from such material and
where solenoid 1000 may be any suitable solenoid or device using as any component or a portion of a component
fabricated from the highly permeable magnetic material having domains of highly permeable magnetic material with
insulated boundaries.
[0120] Referring now to Fig. 35, there is shown a schematic view of an inductor 1020. Inductor 1020 is shown having
coil or winding 1024 and core 1026. Here, core 1026 may be fabricated either completely or in part from bulk material
such as material 32, 332, 512, 648, 700 and as described where the material is highly permeable magnetic material
having domains of highly magnetically permeable material with insulating boundaries. In alternate aspects of the disclosed
embodiment, any portion of inductor 1020 may be made from such material and where inductor 1020 may be any suitable
inductor or device using as any component or a portion of a component fabricated from the highly permeable magnetic
material having domains of highly permeable magnetic material with insulated boundaries.
[0121] Fig. 36 is a schematic view of a relay or contactor 1030. Relay 1030 is shown having core 1032, coil or winding
1034, spring 1036, armature 1038 and contacts 1040. Here, core 1032 and/or armature 1038 may be fabricated either
completely or in part from bulk material such as material 32, 332, 512, 648, 700 and as described where the material is
highly permeable magnetic material having domains of highly magnetically permeable material with insulating boundaries.
In alternate aspects of the disclosed embodiment, any portion of relay 1030 may be made from such material and where
relay 1030 may be any suitable relay or device using as any component or a portion of a component fabricated from the
highly permeable magnetic material having domains of highly permeable magnetic material with insulated boundaries.
[0122] Referring now to Fig. 37, there is shown another aspect of the disclosed embodiment with respect to system
1100. System 1100 may be provided for forming a soft magnetic bulk material of a predetermined shape from a magnetic
material 1112 and a source of insulating material. Here, the magnetic material and source of insulating material and
deposition thereof may be as disclosed with respect to deposition system 10 and the disclosed variants, system 310
and disclosed variants, 610 and disclosed variants, or any suitable deposition system as disclosed. For example, system
1100 may have a source of magnetic material 1112 where the material is in powder form, solid form or otherwise and
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where the material is deposited by deposition device 1114 that may be as previously disclosed and as disclosed and
may be any suitable deposition source such as a molten source of molten or softened magnetic material by wire arc,
HVOF, HVAF, plasma spray, flame spray or any suitable source. The source of insulating material may be where the
magnetic particles are pre coated. Alternately, the source of insulating material may be from a chemical reaction within
enclosure 1116 as disclosed, for example, where a reactive gas may be introduced into enclosure 116 and where the
reactive gas forms insulating material on the surface of the particles from deposition source 1114 as disclosed. By way
of example, the reactive gas may be oxygen or air where an oxide is grown on the surface of particles 1118 being
deposited while in flight. Further, the deposited magnetic material may be subsequently coated with insulating material
as disclosed. Further, the deposited magnetic material may form an insulating layer by a chemical reaction, for example,
a thermite reaction as will be covered in greater detail below. System 1100 has heating device 1120, deposition device
1114 and support 1122 configured to support the soft magnetic bulk material of the predetermined shape 1110. Masks
1124, 1126 are configured as a negative of at least a portion of the predetermined shape 1110. The heating device 1120
heats the magnetic material to form particles having a softened state 1118 and wherein the deposition device 1114
deposits successive layers 1128... 1130 of particles of the magnetic material in the softened state 1118 on the support
1122 with the masks 1124, 1126 located between the deposition device 1114 and the support 1122. Here, the mask
subsystem is indexed in the direction of arrow 1132 to a position 1134 relative to the support 1122 upon deposition of
the successive layers 1128...1130. The mask selectively blocks the successive layers of particles of the magnetic material
in the softened state from 1118 being deposited on the support 1122 forming the soft magnetic bulk material of a
predetermined shape 1110 on the support 1122. First 1124 and second masks 1126 are shown coupled to each other
such that when they are indexed, they block deposition of the magnetic material on portions 1140, 1142 of the support
1122 that selectively are not to be deposited on. The mask may be made from any suitable metal, glass, ceramic,
fiberglass, composite or any suitable material that will not melt and retains its shape during deposition. Further, the
deposited metal 1118 may in one aspect not stick to mask 1124, 1126. Support 1122 and mask 1124, 1126 may be
moveable in a plane 1146 such that material may be selectively deposited on any portion of material 1110. Further one
or more portions of the mask may be moveable relative to the other. For example, when the masks are indexed, either
mask 1126 or mask 1124 may be moveable relative to the other. Referring also to figures 38, 29 and 40, by way of
example, the soft magnetic bulk material of a predetermined shape 1110 on the support 1122 may be a stator 1110 and
where the masks may be a negative 1126 of the inner shape of the stator and a negative 1124 of the outer shape of the
stator as seen in Fig’s. 39 and 40 respectively. If the stator is to have skewed teeth, the inner mask 1126 may be rotated
1150 slightly with each successive index where the first mask 1126 is moveable relative to the second mask 1124. In
the embodiment shown, the mask is shown moveable relative to the support. In alternate aspects, the support may be
shown moveable relative to the mask. In the embodiment shown, the mask and support is shown moveable relative to
the deposition device. Alternately, the deposition device may be moveable relative to the support and mask. Shape 1110
is shown with uniform cross section. Alternately, any non uniform cross section may be provided where different masks
are provided as negatives that reflect the non uniform cross section of the soft magnetic bulk material of a predetermined
shape with a non uniform cross section. Here, the mask m1124, 1126 ay be more than one mask having different shapes
corresponding to different cross sections of the soft magnetic bulk material of a predetermined shape 1110 with a non
uniform cross section at different index positions 1134.
[0123] Referring now to Fig. 41, there is shown a cross section of a bulk material 1200. Here, the bulk material may
be in powdered or particulate form. Bulk material 1200 has iron particles 1210 with the iron particles having a thin layer
1212 of iron oxide on the surface of the iron particles 1210. Between the iron oxide coated iron particles are also particles
of aluminum 1214. The iron oxide may occur naturally from exposure or purposefully, for example, by acid bath or
otherwise. Referring also to Fig. 42, heat 1220 may be added to the bulk material, for example, as will be described, or
from any suitable heat source such as the iron itself, a flame, magnesium flame, torch, laser, microwave or otherwise.
Upon heating the material, a thermite reaction may be started whereby the following reaction may take place with respect
to the iron oxide coating and the aluminum:

Fe2O3 + 2Al => Al2O3 + 2Fe

[0124] The reaction results in a structure 1200’ as seen in Fig. 42 whereby iron particles 1210 reside in a composite
structure and surrounded by aluminum oxide 1222 forming a soft magnetic material having domains 1210 of magnetic
material surrounded by insulating material 1222. In alternate aspects, other materials, for example, other than iron or
other than iron oxide or other than aluminum may be provided. By way of example, the powder may be Fe, FeSi, FeSiAl,
FeAl or any suitable material. For example, the iron particles may be pre coated with a different material. As will be
described, the principle reaction may be done as a chain reaction with the bulk material, for example, in a mold. Alternately,
the reaction may be controlled locally. For example, a method of forming a soft magnetic bulk material of a predetermined
shape from a magnetic material 1210 and a non-magnetic material 1214 may be provided by providing a reservoir
adapted to contain the soft magnetic bulk material of the predetermined shape as will be described. Here, a heat source
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1220 may be provided for heating the magnetic material and the non-magnetic material in the reservoir to an ignition
temperature of a reaction thus forming the soft magnetic bulk material of a predetermined shape. Here, the soft magnetic
bulk material has domains 1210 formed from the magnetic material with insulating boundaries 1222 formed from the
reaction.
[0125] Fig. 43 shows an example of an apparatus 1250 that uses an additive principle to form a soft magnetic bulk
material that has domains formed from the magnetic material with insulating boundaries formed from the thermite reaction
as described. System 1250 may be an adaptation of a selective laser sintering system as will be described. System
1250 has powder delivery piston 1260, powder delivery reservoir 1262, roller or pusher 1264, fabrication piston 1270,
object being fabricated 1268, fabrication powder bed 1266, heat source and alternate powder source 1276. Scanning
platform 1280 selectively positions heat source 1274 and powder source 1276 to direct heat and material to a portion
of fabrication powder bed 1266 to turn the bulk material from powder form to solid form. In practice, iron particles with
iron oxide coating are provided within reservoir 1262. In the embodiment shown, support or piston 1270 may be heated,
for example, to facilitate the reaction or stress relieve part 1268. To build successive layers of object 1268, fabrication
piston 1270 is indexed down an increment and powder delivery piston 1260 is indexed up an increment. Roller or pusher
1264 pushes a layer of material from powder reservoir 1262 to replenish the fabrication powder bed 1266 with a fresh
layer of powder. Scanner 1280 selectively moves heat source 1274 and alternate powder source 1276 to solidify a
portion of the fresh bed of powder to build up the next layer of the object being fabricated 1268. The process is repeated
until the object being fabricated 1268 is complete. In the embodiment shown, the powder 1262 may be iron oxide coated
iron particles, the heat source 1274 may be a switchable laser and the alternative powder source 1276 may be a
switchable, via metering valve 1282, pressurized stream of aluminum powder 1286. In practice, Scanner 1280 selectively
moves laser 1274 and aluminum source 1276 to solidify a portion of the fresh bed 1266 of iron powder to build up the
next layer of the object being fabricated 1268. Here, the laser source 1274 provides sufficient heat such that the aluminum
powder stream and the iron oxide layer on the iron powder provide a localized and controlled thermite reaction to
selectively solidify the portion of bed 1266 corresponding to the fabricated part 1268. Here, a method of forming a soft
magnetic bulk material of a predetermined shape 1268 from a magnetic material 1262 and a non-magnetic material
1286 is provided by providing a reservoir 1266, 1270 adapted to contain the soft magnetic bulk material of the prede-
termined shape 1268; providing a heat source 1274 and heating the magnetic material 1262 and the non-magnetic
material 1286 in the reservoir to an ignition temperature of a reaction thus forming the soft magnetic bulk material of a
predetermined shape 1268. Here, the soft magnetic bulk material 1268 has domains formed from the magnetic material
with insulating boundaries formed from the reaction as described with respect to Figs. 41 and 42.
[0126] In another example, Fig. 44, shows an apparatus 1300 that uses an additive principle to form a soft magnetic
bulk material that has domains formed from the magnetic material with insulating boundaries formed from the thermite
reaction as described. System 1300 has moveable support 1310, heat source 1312 and powder source 1314 and
alternate powder source 1316. Scanning platform 1318 selectively positions heat source 1314 and powder sources 1316
to direct heat and material to a portion of support 1310 to turn the powder material from sources 1314, 1316 from powder
form to solid form. In practice, iron particles with iron oxide coating are provided within reservoir powder source 1314
and aluminum powder is provided within powder source 1316. In the embodiment shown, support 1310 may be heated,
for example, to facilitate the reaction or stress relieve part 1318. To build successive layers of object 1318, indexer 1320
is indexed down an increment to lower support 1310 Scanner 1318 selectively moves heat source 1312, powder source
1314 and alternate powder source 1316 to deposit and solidify a portion the object being fabricated 1319. Herein, indexer,
scanner, or the like may include a stage, fixture, robot, head, or other moveable structure typically controlled by a
program. The process is repeated until the object being fabricated 1319 is complete. In alternate aspects, scanner 1318
may not be provided, for example, where an x-y scanner or indexer is coupled to support 1310. In the embodiment
shown, the switchable, via metering valve 1326, pressurized powder stream 1322 may be iron oxide coated iron particles,
the heat source 1312 may be a switchable laser and the alternative powder source 1316 may be a switchable, via
metering valve 1328, pressurized stream of aluminum powder 1324. In practice, Scanner 1280 selectively moves laser
1312, iron powder source 1314 and aluminum powder source 1316 to deposit and solidify a portion of the object being
fabricated 1319. Here, the laser source 1312 provides sufficient heat such that the aluminum powder stream and the
iron oxide layer on the iron powder from the iron powder stream provide a localized and controlled thermite reaction to
selectively deposit and solidify the portion to the fabricated part 1318. In alternate aspects, laser may not be provided,
for example, where the powder source 1314 heats the iron oxide coated particles to a molten are softened state as
disclosed sufficient to provide the heat needed for the thermite reaction. In alternate aspects, aluminum powder source
1316 may not be provided, for example, where the aluminum powder is mixed with the iron powder in source 1314.
Accordingly all such aspects may be provided alone or in combination with any of the disclosed embodiments. The
disclosed method and apparatus may form a soft magnetic material, for example, having structure similar to the spray
or deposition based methods as previously described, for example, as disclosed with respect to Fig’s. 23 A& B or
otherwise as disclosed. Here, a method of forming a soft magnetic bulk material of a predetermined shape 1318 from
a magnetic material 1322 and a non-magnetic material 1324 is provided by providing a reservoir 1310 adapted to contain
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the soft magnetic bulk material of the predetermined shape 1318; providing a heat source 1312 and heating the magnetic
material 1322 and the non-magnetic material 1324 in the reservoir to an ignition temperature of a reaction thus forming
the soft magnetic bulk material of a predetermined shape 1310. Here, the soft magnetic bulk material 1318 has domains
formed from the magnetic material with insulating boundaries formed from the reaction as described with respect to
Fig’s 41 and 42.
[0127] Referring also to Fig. 45, there is shown an alternate aspect of the disclosed embodiment. Apparatus 1350 has
mold 1532 with a predetermined shape, bulk material 1354, which may be a combination of iron oxide coated powder
and aluminum powder as described and heat source 1356. The heat source triggers a thermite reaction as described
turning the powder mixture 1354 into a solid part 1358 as the reaction travels through the part. Here, a method of forming
a soft magnetic bulk material of a predetermined shape 1358 from a magnetic material and a non-magnetic material
1354 is provided by providing a reservoir 1352 adapted to contain the soft magnetic bulk material of the predetermined
shape 1358; providing a heat source 1356 and heating the magnetic material and the non-magnetic material 1354 in
the reservoir to an ignition temperature of a reaction thus forming the soft magnetic bulk material of a predetermined
shape 1358. Here, the soft magnetic bulk material 1358 has domains formed from the magnetic material with insulating
boundaries formed from the reaction as described with respect to Fig’s 41 and 42.

Claims

1. A system for forming a soft magnetic bulk material of a predetermined shape from a magnetic material and a source
of insulating material, the system comprising:

a support configured to support the soft magnetic bulk material of the predetermined shape;
a heating device for heating the magnetic material to form particles having a softened state;
a deposition device for depositing successive layers of particles of the magnetic material in the softened state
on the support; and wherein
an indexing mask subsystem configured as a negative of at least a portion of the predetermined shape, the
mask subsystem located between the deposition device and the support and indexed relative to the support
upon deposition of the successive layers to selectively block the successive layers of particles of the magnetic
material in the softened state from being deposited on the support thus forming the soft magnetic bulk material
of a predetermined shape on the support, wherein the soft magnetic bulk material has a plurality of adhered
domains of metal material, wherein substantially all of the domains of the plurality of domains of metal material
are separated by a predetermined layer of high resistivity insulating naterial,
characterized in that the mask subsystem and the support are moveable relative to the deposition device.

2. The system of claim 1, wherein the mask subsystem comprises a first and second mask and wherein the first mask
is moveable relative to the second mask.

3. The system of claim 1, wherein the soft magnetic bulk material of a predetermined shape has a uniform cross section.

4. The system of claim 1, wherein the soft magnetic bulk material of a predetermined shape has a non uniform cross
section.

5. The system of claim 1, wherein the mask subsystem comprises more than one mask having different shapes
corresponding to different cross sections of the soft magnetic bulk material of a predetermined shape with a non
uniform cross section at different index positions.

6. A method of forming a soft magnetic bulk material of a predetermined shape from a magnetic material and a source
of insulating material, the method comprising:

providing a heating device;
providing a deposition device;
providing a support configured to support the soft magnetic bulk material of the predetermined shape;
providing a mask subsystem configured as a negative of at least a portion of the predetermined shape;
heating the magnetic material with the heating device to form particles having a softened state;
locating the mask subsystem between the deposition device and the support;
depositing successive layers of particles of the magnetic material in the softened state with the deposition device
on the support; and
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indexing, to a position relative to the support, the mask subsystem upon deposition of the successive layers;
wherein
the mask subsystem selectively blocks the successive layers of particles of the magnetic material in the softened
state from being deposited on the support thus forming the soft magnetic bulk material of a predetermined shape
on the support, wherein the soft magnetic bulk material has a plurality of adhered domains of metal material,
wherein substantially all of the domains of the plurality of domains of metal material are separated by a prede-
termined layer of high resistivity insulating material, characterized in that the mask subsystem and the support
are moveable relative to the deposition device.

7. The method of claim 6, wherein the mask subsystem comprises a first and second mask and wherein the first mask
is moveable relative to the second mask.

8. The method of claim 6, wherein the soft magnetic bulk material of a predetermined shape has a uniform cross section.

9. The method of claim 6, wherein the soft magnetic bulk material of a predetermined shape has a non uniform cross
section.

10. The method of claim 6, wherein the mask subsystem comprises more than one mask having different shapes
corresponding to different cross sections of the soft magnetic bulk material of a predetermined shape with a non
uniform cross section at different index positions.

Patentansprüche

1. System zum Bilden eines weichmagnetischen Schüttguts mit einer vorbestimmten Form aus einem magnetischen
Material und einer Quelle von Isoliermaterial, wobei das System Folgendes umfasst:

einen Träger, der konfiguriert ist, um das weichmagnetische Schüttgut der vorbestimmten Form zu tragen;
eine Heizvorrichtung zum Erwärmen des magnetischen Materials, um Teilchen mit einem erweichten Zustand
zu bilden;
eine Ablagerungsvorrichtung zum Ablagern aufeinanderfolgender Schichten von Teilchen des magnetischen
Materials im erweichten Zustand auf dem Träger; und wobei
ein Indexierungsmasken-Untersystem als ein Negativ von mindestens einem Abschnitt der vorbestimmten Form
konfiguriert ist, wobei das Masken-Untersystem zwischen der Ablagerungsvorrichtung und dem Träger ange-
ordnet ist und relativ zum Träger beim Ablagern der aufeinanderfolgenden Schichten indexiert wird, um die
aufeinanderfolgenden Schichten von Teilchen des magnetischen Materials im erweichten Zustand selektiv
daran zu hindern, auf dem Träger abgelagert zu werden, wodurch das weichmagnetische Schüttgut einer
vorbestimmten Form auf dem Träger gebildet wird, wobei das weichmagnetische Schüttgut eine Vielzahl von
angehafteten Domänen aus Metallmaterial aufweist, wobei im Wesentlichen alle Domänen der Vielzahl von
Domänen aus Metallmaterial durch eine vorbestimmte Schicht aus Isoliermaterial mit hohem spezifischen Wi-
derstand getrennt sind,
dadurch gekennzeichnet, dass
das Masken-Untersystem und der Träger relativ zur Ablagerungsvorrichtung bewegbar sind.

2. System nach Anspruch 1, wobei das Masken-Untersystem eine erste und eine zweite Maske umfasst und wobei
die erste Maske relativ zur zweiten Maske bewegbar ist.

3. System nach Anspruch 1, wobei das weichmagnetische Schüttgut mit einer vorbestimmten Form einen gleichmä-
ßigen Querschnitt aufweist.

4. System nach Anspruch 1, wobei das weichmagnetische Schüttgut einer vorbestimmten Form einen ungleichmäßigen
Querschnitt aufweist.

5. System nach Anspruch 1, wobei das Masken-Untersystem mehr als eine Maske mit unterschiedlichen Formen
entsprechend unterschiedlichen Querschnitten des weichmagnetischen Schüttguts einer vorbestimmten Form mit
einem ungleichmäßigen Querschnitt an verschiedenen Indexpositionen umfasst.

6. Verfahren zum Bilden eines weichmagnetischen Schüttguts mit einer vorbestimmten Form aus einem magnetischen
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Material und einer Quelle von Isoliermaterial, wobei das Verfahren Folgendes umfasst:

Bereitstellen einer Heizvorrichtung;
Bereitstellen einer Ablagerungsvorrichtung;
Bereitstellen eines Trägers, der konfiguriert ist, um das weichmagnetische Schüttgut mit der vorbestimmten
Form zu tragen.
Bereitstellen eines Masken-Untersystems, das als ein Negativ von mindestens einem Abschnitt der vorbestimm-
ten Form konfiguriert ist;
Erwärmen des magnetischen Materials mit der Heizvorrichtung, um Teilchen mit einem erweichten Zustand zu
bilden;
Anordnen des Masken-Untersystems zwischen der Ablagerungsvorrichtung und dem Träger;
Ablagern von aufeinanderfolgenden Schichten von Teilchen des magnetischen Materials im erweichten Zustand
mit der Ablagerungsvorrichtung auf dem Träger; und
Indexierung des Masken-Untersystems auf eine Position relativ zum Träger bei der Ablagerung der aufeinan-
derfolgenden Schichten; wobei
das Masken-Untersystem selektiv die aufeinanderfolgenden Schichten von Teilchen aus dem magnetischen
Material im erweichten Zustand daran hindert, auf dem Träger abgelagert zu werden, wodurch das weichma-
gnetische Schüttgut mit einer vorbestimmten Form auf dem Träger gebildet wird, wobei das weichmagnetische
Schüttgut eine Vielzahl von angehafteten Domänen aus Metallmaterial aufweist, wobei im Wesentlichen alle
Domänen der Vielzahl von Domänen aus Metallmaterial durch eine vorbestimmte Schicht von Isoliermaterial
mit hohem Widerstand getrennt sind; dadurch gekennzeichnet, dass
das Masken-Untersystem und der Träger relativ zur Ablagerungsvorrichtung bewegbar sind.

7. Verfahren nach Anspruch 6, wobei das Masken-Untersystem eine erste und eine zweite Maske umfasst und wobei
die erste Maske relativ zur zweiten Maske bewegbar ist.

8. Verfahren nach Anspruch 6, wobei das weichmagnetische Schüttgut mit einer vorbestimmten Form einen gleich-
mäßigen Querschnitt aufweist.

9. Verfahren nach Anspruch 6, wobei das weichmagnetische Schüttgut mit einer vorbestimmten Form einen ungleich-
mäßigen Querschnitt aufweist.

10. Verfahren nach Anspruch 6, wobei das Masken-Untersystem mehr als eine Maske mit unterschiedlichen Formen
entsprechend unterschiedlichen Querschnitten des weichmagnetischen Schüttguts einer vorbestimmten Form mit
einem ungleichmäßigen Querschnitt an verschiedenen Indexpositionen umfasst.

Revendications

1. Système pour former un matériau en vrac magnétique doux d’une forme prédéterminée à partir d’un matériau
magnétique et d’une source de matériau isolant, le système comprenant :

un support configuré pour supporter le matériau en vrac magnétique doux de la forme prédéterminée ;
un dispositif de chauffage pour chauffer le matériau magnétique pour former des particules ayant un état ramolli ;
un dispositif de dépôt pour déposer des couches successives de particules du matériau magnétique à l’état
ramolli sur le support ; et
dans lequel un sous-système de masque d’indexation configuré comme un négatif d’au moins une partie de la
forme prédéterminée, le sous-système de masque situé entre le dispositif de dépôt et le support et indexé par
rapport au support lors du dépôt des couches successives pour bloquer sélectivement les couches successives
de particules du matériau magnétique à l’état ramolli d’être déposées sur le support formant ainsi le matériau
en vrac magnétique doux d’une forme prédéterminée sur le support, dans lequel le matériau en vrac magnétique
doux a une pluralité de domaines adhérents de matériau métallique, dans lequel sensiblement tous les domaines
de la pluralité de domaines de matériau métallique sont séparés par une couche prédéterminée de matériau
isolant à haute résistivité, caractérisé en ce que le sous-système de masque et le support sont mobiles par
rapport au dispositif de dépôt.

2. Système selon la revendication 1, dans lequel le sous-système de masque comprend un premier et un second
masque et dans lequel le premier masque est mobile par rapport au second masque.
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3. Système selon la revendication 1, dans lequel le matériau en vrac magnétique doux d’une forme prédéterminée a
une section transversale uniforme.

4. Système selon la revendication 1, dans lequel le matériau en vrac magnétique doux d’une forme prédéterminée a
une section transversale non uniforme.

5. Système selon la revendication 1, dans lequel le sous-système de masque comprend plus d’un masque ayant
différentes formes correspondant à différentes sections transversales du matériau en vrac magnétique doux d’une
forme prédéterminée avec une section transversale non uniforme à différentes positions d’index.

6. Procédé de formation d’un matériau en vrac magnétique doux d’une forme prédéterminée à partir d’un matériau
magnétique et d’une source de matériau isolant, le procédé comprenant :

la fourniture d’un dispositif de chauffage ;
la fourniture d’un dispositif de dépôt ;
la fourniture d’un support configuré pour supporter le matériau en vrac magnétique doux de la forme
prédéterminée ;
la fourniture d’un sous-système de masque configuré comme un négatif d’au moins une partie de la forme
prédéterminée ;
le chauffage du matériau magnétique avec le dispositif de chauffage pour former des particules ayant un état
ramolli ;
la localisation du sous-système de masque entre le dispositif de dépôt et le support ;
le dépôt de couches successives de particules du matériau magnétique à l’état ramolli avec le dispositif de
dépôt sur le support ; et
l’indexation, à une position par rapport au support, du sous-système de masque lors du dépôt des couches
successives dans lequel le sous-système de masque empêche sélectivement les couches successives de
particules du matériau magnétique à l’état ramolli de se déposer sur le support formant ainsi le matériau en
vrac magnétique doux d’une forme prédéterminée sur le support, dans lequel le matériau en vrac magnétique
doux a une pluralité de domaines adhérents de matériau métallique, dans lequel sensiblement tous les domaines
de la pluralité de domaines de matériau métallique sont séparés par une couche prédéterminée d’un matériau
isolant à haute résistivité, caractérisé en ce que le sous-système de masque et le support sont mobiles par
rapport au dispositif de dépôt.

7. Procédé selon la revendication 6, dans lequel le sous-système de masque comprend un premier et un second
masque et dans lequel le premier masque est mobile par rapport au second masque.

8. Procédé selon la revendication 6, dans lequel le matériau en vrac magnétique doux d’une forme prédéterminée a
une section transversale uniforme.

9. Procédé selon la revendication 6, dans lequel le matériau en vrac magnétique doux d’une forme prédéterminée a
une section transversale non uniforme.

10. Procédé selon la revendication 6, dans lequel le sous-système de masque comprend plus d’un masque ayant
différentes formes correspondant à différentes sections transversales du matériau en vrac magnétique doux d’une
forme prédéterminée avec une section transversale non uniforme à différentes positions d’index.
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