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INSULATED WINDING WIRE

TECHNICAL FIELD
16061} Embodiments of the disclosure relate generally fo insulated winding wire and,
more particularly, to winding wire formed with an bwsulation system having a partial
discharge inception voltage greater than 1,000 volts and a dicleciric strength greater than

10,000 volts,

BACKGROUND
{0002} Magnetic winding wire, also referred to as magnet wive, i3 used in a muliitude of

electrical devices that require the developrent of electrical and/or magnetic fislds to perform
clectromechamcal work.  Examples of such devices include electric motors, generators,
{ransformers, actuator coils, and so on. Typically, magnet wire is constructed by applying
electrical tsulation to 2 metallic conductor, such as a copper, aluminum, or alloy conductor.
The conductor typically is drawn or formed 1o have a rectangitlar or round cross-section, The
electrical insulation is typically formed as a coating that provides for elecirical integrity and
prevents shors in the magnet wire, Conventiona] insulations inchude po?yn‘iem, enarmel
films, polymeric tapes, paper insulation, and certain combinations thered
{0031 in cerfain applications, i is desirable to have magnet wire that inchudes relatively
bigher electrical properties, such as a higher diclectde strength andlor a higher partial
discharge inception voltage (“PDIVY). The diclectaic strength of a material generally refers
to the maximum applied electric feld that the material can withstand without breaking down.
The PDIV generally refers to a voltage at which localized imsulation breakdowns can ocown
Partial discharge typically beging within voids, cracks, or inclusions within a solid dielectric:
however, it can also occur along surfaces of an insulation material.  Once begun, partial
discharge progressively deteriorates an insulation materal and ultinately leads to electrical
breakdown.
HEEIET Additionally, in certain applications, it is desirable to Uit or mindnuze insulation
thickness in order to pernut a higher amount of wmagnet wire o be packed or formed into an
electrical device coil. For example, with many devices intended to be utilized in vohicles, it
15 desirable to reduce the size of magnet wire in order 0 move tightly pack wire into an
available housing. The performance of an elecirical device is strongly correlated to an

amount of magnet wire that can be placed into an available core slot area.  Accordingly,
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reducing the thickness of magnet wire {nsulation may permit higher power ootput and/or
mereased performance.

1
I
H

[D005] For certain applications, such as vehicle applications, it may also be desirable for
magaet wive to be resistant to hydrocarbon oil and/or moisture. For examiple, in some motor
applications, magnet wire 18 gt least partially submerged in transmission fhud,  This
transmuission fhud can break down fraditional magnet wire insulation matevials, such as
ename] insulations
[8006] As set forth above, traditional magnet wire is formed with polymeric cnamel
insulation that is applied fu successive layers and baked in a fummace. {n order o achieve
higher dielectric and partial discharge performance, it is typically necessary to apply a greater
number of layers and, thevefore, thicken the enamel. Howsver, each successive pass through
the baking furmace lowers the adhestve force between the enamel and the conductor, and it is
ditficult to buald the thickness of the enamel beyond a certain point.  Additionally, inereased
enamel layering may lead to solvent blisters or beading and/or reduced flexibility,
HELUE Recently, as described in U.S. Patent No. 8,586,869, attempts have been made to
improve insulation performance by extruding a polyphenyiens sulfide (“PPS”) resin over an
gnamel layer.  However, an adhesive layer 5 requived between the enamel and the
polyphenylene sulfide. Additionally, although the use of PPS may lead to a wire that is
esistant to off and moisture, ultravioiet light can be detrimental to PPS and lead to significant
corona discharges that break down the insulafion. Thus, PPS is wot a good choice for
applications that arc subject to a higher frequency of PDIV events. Accordingly, there is an
opportanity for improved insulated magnet wire, and more particalarly, tmproved insulated
magnet wire having a pariial discharge inception voltage greater than 1,000 volts and a

dielectric strength greater than 10,000 volis.

BRIEF DESCRIPTION OF THE DRAWINGS
[8648] The detaided description is set forth with reforence to the accompanying figures.
In the figures, the lefi-most digit(s) of a reference number identifies the figure in which the
seference number first appears. The use of the same reference mumbers in different figures
indicates similar or identical items; however, various cmbodimenis may alilize slements

and/or components other than those Hustrated in the figures. Additionally, the drawings are

[¢]

provided to iHustrate example embodiments deseribed herein and are not mtended to Hmuit th

scope of the disclosiwre,
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(8669 FIG. 1 s a perspective view of an example magnet wire that includes a base
polymeric insudation material and an outer layer of an extraded resin, according © an

ithustrative embodiment of the disclosure,

{018} FIG. 2A 18 a crossesectional view of an example magnet wire that includes an
enameled base layer and an outer fayer of an extruded resin, according to an ilustrative
embodiment of the disclosure.

8011 FIG. 2B 1s a cross-sectional view of an example magnet wire that includes a base
layer of a polymeric wrap and an outer layer of an extruded resin, according to an jHustrative

embodiment of the disclosure.

{8012} FIG. 2C 15 a cross-sectional view of an example magnet wire that includes an
enameted layer, a polymeric wrap layer, and an outer layer of an extruded resin, according to

3 ’i

an lustrative embeodiment of the disclosuwrs.

{8013} FIG. 2B s a cross-sectional view of an example magnet wire that includes a semi-
conductive layer, an enameled layer, and an outer layer of an extruded resin, according {0 an
Hustrative embodiment of the disclosure.

{8914} FIGS, 3A-3F ilustrate example cross-sectional shapes that way be utilizved for
magnet wire in accordavce with various flustrative embodiments of the disclosure.

REIIRY F1G. 4 illustrates a first example system that may be atiized to form magnet wire
n accordance with various embodiments of the disclosure.

{01 6) FIG. 5 illustrates a second example system that may be utilized to form magnet
wirs in gecordance with various erabodiments of the disclosure.

{7 PG 6 llustrates 2 flow chart of an example method for forming magnet wire, in

accordance with an tlustrative embodiment of the disciosine,

DETAILED DESCRIPTION
{301 8] Various embodimenis of the present disclosure are directed to insulated winding
wires, magnetic winding wires, and/or magnet wires (hereinafler referrad to as “moagnet
wire™} capable of withstanding relatively high voltages, For examwple, magnet wire in
accordance with embodiments of the disclosure has an insulation system with a dieleciric
strength greater than or equal to 10,000 volts and a partial discharge inception voltage greater
than or equal to 1,000 volts. Additionally, the magne! wire and insulation system may be
capable of a contimuous operating femperature of at Jeast 2207 C without degradation. The

magnet wire may also be resistant to vanous oils, liguids, and/or chemicals, such as
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tranarnission fluid. Additionally, the magnet wire may be capable of withstanding significant
mechanical forces during & coil formation process. Ferther, in certain embodiments, the
ssulation system ruay have a thickuess that is small enough to permuit relatively tght packing
of the magnet wire when formed into a cotl. For example, the insulation system may have
total thickness of less than approximately 0.0240 inches (610pm), such as a total thickness
between approximately 0.0033 mches (851um) and approximately 0.0094 inches (240pm).
{8019} The insulation system may be formed from a wide variety of suitable materials
and/or combinations of materials. In certain embodiments, the insulation system: may jnclude
& base polymeric layer formed around a conductor, and an extruded thermoplastic layer or top
coat may then be formed around the base layer. In one example embodiment, the base layer
may be formaed from one or more layers of a polymeric enamel. In another exarmple
embodiment, the base layer may be formmed from a suitable polymeric tape, such as a
polyimude tape. In yet another exaraple embodiment, both enamel and a polymeric tape may
be utihized as a base layer or as a base layer swrounded by an intermediate layver. The
exinsded layer may be formed from oue or more of polyether-ether-ketone (“PEEK™} or
polyaryletherketone ("PAEK”).  As expluned in greater detail below, the multi-layer
ufation system wnay exhibit improved performance relative (0 conventional magnet wire,
while permitting relatively tight wire packing.
HEH R Hmbodiments of the disclosere now will be deseribed more fully hereinafter with
reference to the accompanying drawings, in which vertain embodiments of the disclosure are

ot

pined

shown. This invention may, however, be embodied in many different forms and showld +
be construed as Hmited to the cmbodunents set forth hereln rather, thess embodiments are
provided so that this disclosure will be thorough and complete, and will fally convey the
scope of the invention o those skilled i the art.  Like numbers refer to like elements
throughout,

U With reference to FIG. 1, a perspective view of an example magnet wire 100 is
ilustrated in accordance with an embodiment of the disclosure. The magnet wire 100 way

a base layer of polymeric insidation 110 formed around the

\J,
C'J

include a central conductor 103,
central conductor 105, and av extruded top coat 115 formed as an outer layer. As desired, the
base layer 110 may include any mumber of sublavers, such as the three sublayers 120A-C
fHustrated in FIG. 1. Each of the layers or components of the magunet wire will now be

described in greater detail.

£
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{6622} Turrng frst to the conductor 1085, the conductor 105 may be formed from a wide
variety of suitable materials and or combinations of materials. For example, the conductor
IS may be formed from copper, aluminum, asnealed copper, oxygen-free copper, silver-
plated copper, silver, gold, a conductive alloy, or any other suitabie electrically conductive
material.  Additionally, the conductor 105 may be formed with any suitable dimensions
and/or cross-sectional shapes.  As shown, the conductor 105 may have an approximately
reclangalar cross-sectional shape.  However, as explained in greater detail below with
reference fo FIGS. 3A-3F, the conductor 105 may be formed with a wide variety of other
cross-sectional shapes, such as & rectangular shape (le sotangle with sharp rather than

rounded corners), a square shape, an approxima :eiy square shape, a cirenlar shape, an

elliptical ov oval shape, ete.  Additionally, as desired, the conductor 105 may have corners

.M

that are rounded, sharp, smoothed, curved, angled, truncated, or otherwise formed.
{8023 In addition, the conductor 103 may be formed with any suitable dimensions. For
the illustrated rectangular conductor 103, the longer sides may be between approximately
0.020 inches (308pun} and spproximately 0.730 inches {190501um), and the shorter sides may
be between approximately 0.020 inches (508pm) and approximately 0.400 inches (10160pn1).
An example square conductor may have sides between approximately 0.020 inches {508um)
and approximately 0.500 inches (12700um).  An example round conductor may bave a
diameter between approximately 0.010 inches (254pm) and approximaately 0,500 inches
{(12700pm}.  Other suitable dimensions mway be utilized as desired, and the described
dimensions are provided by way of example only.
{0624} A wide variety of sitable methods and/or techniques may be utilized to form,
produce, or otherwise provide a conductor 105, In certsin embodiments, a conductor 108
may be formed by drawing an input material (e.g., a larger conductor, gic.) with one or more
dies m order to reduce the afze of the nput material to desived dimensions. As desired, one or
more flatteners and/or rollers may be used to modify the cross-sectional shape of the input
material before and/or after drawing the input material through any of the dies. In certain
embodiments, the conductor 105 may be formed in tandem with the application of a portion
or all of the ipsulation system. In other words, conductor formation and application of
msulation material may be conducted in tandem.  In other embodiments, a conductor 105

with desired dimensions may be preformed or obtained from an external source. Insulation

matertal may then be applied or otherwise formed on the conductor 105,

£y

.
S
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(025 The base layer of insulation 110 (hereinafter referred {0 as the base laver 110) may
L

melade one or more suitable types of polymeric insulation. The base layer 110 may be

formed as a first layer of insulation, and one or more additional fayers of fnsulation, such as

the extruded top coat 115 and one or more optional intermediagy fayers, may be formed over

o

the base layer 110, In certain embodiments, the base laver 110 wmay be formed directly on the
sonductor 105, for example, around an outer periphery of the conductor 103, Additienally, as
desired, the base layer 110 may melade a single layer of insulation yoaterial or a plucality of
sublayers of wsulation matertal, such as smiay ers 120A-C

{0026} in the event that the base layer 110 15 formed from a plurality of sablayers, any
mumber of sublayers may be utihzed, In certan embodiments, the seblayers may be formed
from the same substance or material  For example, the sublayers may be formed as a
pluralily of enamel layers, and each ename! layver may be formed from the same polymeric
material. In other embodiments, at least two of the sublayers may be formed from different
mafenials, For example, different enamel layers may be formed from different polvmeric
niaterials,  As another example, one or more soblavers may be formed from epamel while

another sublayer s formed from a sunable tape ot wrap.

"oy

{8927} In certain ambodiments, the base layer 110 may inclode oue or more layers o
enarael. FIG, 2A illustrates an example magnet wire 200 in which epamel 210 s used as a

Y

e

base layer formed on a conductor 205, and then an extruded layer 215 s formed over
cnamel 210, An epamel layer 1s typically formed by applying a polymeric vamash fo the
conductor 103 and then baking the conductor 105 in a suitable enameling oven or fummace. &
wide variety of tecluuques roay be utihzed w apply the vamish, For example, the conductor
105 may be passed through a die that apphes the varmish,  As another sxample, the varnish
may be dripped or powred onto the conductor.  Typically, the polymeric varnish includes
betweent approximately 12% and approximately 30% solid material (although other
pescentages can be used) mixed with one or more solvents. Ouvcee the polymeric vamish is
applied, the solvents are typically evaporated by an enameling oven,

[H028] As desired, multiple layers of enamel may be applied to the conductor 105, For
exampie, a first layer of emamel may be applied, and the conductor 103 may be passed
through an enameling oven. A second layer of enamel may then be applied, and the
condacior 105 may make another pass through the enameling oven (or & separate oven). This

process may be repeated until a desired number of enamel coats have been applied and/or

until a desired enamel thickness or build has been achieved.
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{3029} A wide variety of different typoes of polymeric matérials may be utilized as desired
to form ap enamel layer. Hxawples of suitable materials include, but are not limited to,
polyimide, polyamideimide, amideimide, polyester, polyesterimide, polysulfone,
polyphenyienesulione, polysuifide, polyphenylenesulfide, polvetherimide, polyamide, etc. fu
certgin embodiments, a polyimide-based matesial {e.g., polyimide, polvamideimide, etc.) may

e utilized, as these raaterials typically bave relatively high heat resistance. Additonally, in

o

cerfain embodiments, an enamel layer may be formed as a mixwre of two or more matedals.
Further, n certain embodiments, different enamel layers may be formed from the same
material{s) or from different matenals.
{00384 One or more layers of enamel may be formed o have any desired overall
thickness or enamiel build, In certain embodiments, the enamel formed on the conductor 105
may have a thickuess between approximately 0.001 inches (25um) and approximately (.01
aches (234pm).  For example, the enamel may have a thickness between approximately
0.003 inches {76pm} and 0.005 inches {127pm). Indeed, & wide variety of enamel
thicknesses may be utihized as desired.
{8031 o certain ernbodireents, the base layer 110 way be formed fron: a suitable wrap or
tape, such as a polymersic tape. FIG. 28 illustrates an example maguet wire 225 in which a
tape 235 s wrapped around a conductor 230 as a base layer, and then an exiruded layer 240 is
formed over the tape 235, A wide variety of seitable polymeric tapes or wraps may be
utilized as desired to form a base layer 110, For example, a polvimide tape soay be atilized,
ach as a Kapton® tape as mantfactured and sold by the EI du Pont de Newmours and
Company.  In certain cmboduments, additional materials or additives may be incorporated

into, embedded into, or adhered to a polyintide tape. For example, a polyimide tape may

inchude a fluorinated ethylene propylene (FEP) polymer layer {or FEP materia]) formed on

one or hoth sides of the tape. In oue example embodiment, a polyimide tape may have FEP

formed {o.g., coated on, adhered 1o, ic.) on both sides of the tape. Inanother smbodin'wnty
the polyimide tape may include a silicon adhesive, such as Polyimide Film Tape 5413 a

nanufactured and sold by 3M™ Corporation.

{94371 As desired, a tape voay include a wide variety of suitable dimensions, such as any
suitable thickness and/or width.  For exemple, a polyimide tape may have a thickness
between approximately 0.00035 inches (8.9um) and spproximately 0.005 inches (127pm).
Additionally, a tape may have any desirable width, such as a width between approximately

.180 inches (4572pmy) and approximately 1.000 inches (25400um). In certam embodiments,
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& tape may bave a width of approximately 0.18795 juches (4.8 mum), 0.250 inches (6.25), 0.375
inches (9.5 mm), 0.500 inches (12.7 mm), 0.625 inches (15.8 mm) or 0.750 inches (19 nun).
33} In certain emibodiments, the tape may be wrapped around the conductor 105 at an
angle along a longitudinal direction or fength of the conductor. In other words, an angle may
be formed between a dimension of the tape {e.g., a width dimension} and a longitudinal or
length dimension of the conductor 105, The tape may be wrapped at any suitable angle as
desired, such as an angle between approximately 30 degrees and approximately 70 degrees.
in certain ewbodiments, the tape may overlap itself as it is wrapped around the conductor
105, For example, & first wrap may be formed around the conductor 105, and a second wrap
may tormed such that # overlaps the first wrap along a shared edge. A third wrap may ther
be formed over the second wrap and so on, In certain embodiments, the tape may be formed
to have overlap between approximately 40% and approximately 80% of the width of the tape.
I one example embodiment, a tape may have an overlap between approximately 45% and

nay have an overlap between

,.‘

approximately 50%. In another example embodiment, 2 tape
approximately 60% and approximately 63%. Any other suitable overlaps may be utilized as
tesired, Indeed, i certain embodiments, a tape may be wrapped such that double andior
traple layers of tape insulation are formed. Alternatively, in certain embodiments, a phirality
of tapes may be wrapped around a conductor 105, For example, multiple tapes may be
wrapped m the same direction oy, aliematively, at least two tapes may be wrapped ip opposite

N

directions {e.g., clockwise and counterclockwise). Indeed, tapes may be wrapned at any
(8.2, ] 21 ¥

angle and/or combinations of angles,

{60341 In yet other embodiments, both enamel and a tape wWrap may be formed around 2
conductor 105, FIG. 2C iflustrates an example magnet wire 250 in which enamel 260 is

“

formed on a comductor 255, and then a tape 265 is wrapped around the conductor 255 and
enamel 260. An exiruded layer 270 is then formed over the tape 265, The enamel layer(s)
and the tape layers may include similar materials and/or may be formed wtilizing similar
processes as those discussed above. Additionally, in certaln embodiments, the combination
of enamel and tape may be considercd as jointly forming the base layer 110, In other
embodiments, one material may be cousidered a base layer 110 while the other material is

.

considered an intermediary layer between the base layer 110 and the extruded top coat 115
BG353 In certain embodiments, one or more serai-conductive layers may be incorporated
ey the magnet wire 100, For example, one or more semi-conductive layers may be formed

on the conductor 103, and the base fayer 110 may be formed on top of the semi-conductive
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layer. As another example, one or more semi~conductive layers may be incorporated into the
base layer 110, As yet another example, one or more semi-conductive layers may be formed
on top of the extruded layer 115 or as a top coat. As yet another example, semi~conductive
material may be incorporated into the extruded laver 115, FIG. 2D ilustrates an example
magnet wire 275 in which a semi-conductive layer 280 is formed around a conductor 285, A
base layer 290 and an extruded fayer 293 are then formed on the semi-conductive tayer 280,
JBH36] A seny-conductive layer may be formed from a wide variety of suitable materiala
and/or combipations of matenials. In certain embodiments, a send-conductive layer may be
formed from a material that combines one or more suitable filler materials with one or more
base materials, For example, semi-conductive and/or conductive filler aterial may be
combined with one or more suitable base materials, Examples of suitable filler materials
tnclude, but are not Hmited 1o, suitable inorganic materials such as metallic materials and/or
metal oxides {e.g., zinc, copper, aluminum, wickel, tin oxide, chromium, polassium titanate,
ate.), and/or carbon black; suitable organic materials sucl as polyaniline, polyacetvlens
polyphenylene, polypyrrole, other electrically conductive parlicles; and/or any suutable
combination of materials.  The particles of the filler muterial may have any suitable
dimensions, such as any suitable diameters. Tn certain erbodiments, the filler material may
melude nanoparticles. Examples of suitable base materials may inchide, but are not Hmited
to, polytmide, polyapudeimide, amidemmide, polyester, polyesterimide, polysulfone,
polyphenylenesulfone, polysulfide, polyphenyvlenesulfide, polyetherimide, polyamide, or any
other suitably stable high temyperature thermoplastic or other material.  Further, any suitable
blend or mixture ratic between filler material and base material may be utilized.  For
example, the senu-conductive laver may iaclude between approximately 3 percent and
approximately 20 percent filler material(s) by weighy, although other concentrations may be
used {g.g., between approximately 5 percent and approximately 50 percent, hetwesn
approxymately 7 percent and approximately 40 percent, etc.).

{8037 Additionally, a seni-conductive layer may have any suttable thickness. To certain
cmbodiments, one or more seny-conductive layers may be forroed in 2 sinular manner as an
enamel layer. For example, a vamish inclading semi-conductive material way be applied,
and the varnish may be heated by one or more suitable heating devices, such as an coameling
oven. In other embodiments, one or more semi-conductive layers may be extruded.

{BO38] As g result of incorporating a semi-conductive layer into the magnet wire 100, i

may be possible to increase the partial discharge {nception voltage (“PDIV?) of the magnet
¥ g€ 4 } &

W
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wire 100, A semi-conductive laver may assist in equalizing voltage stresses in the insulation
and/or dissipating corona discharges at or near the conductor 105 and/for at or near a surface
of the magnet wire 100, This dissipation or bleeding off of corona discharges andfor
electrical stresaes way improve diclectric performance and/or increase the PDIV of the
magnet wire 100,

HO03% With continued reference to FIG. 1, an extruded laver 115 or an extruded top coat
may be formed around the base layer 110 {and/or any intermediary layers of insulation). In
certain embodimients, the extruded layer 115 may be formed from a suitable thermoplastic
resin that 15 extruded over the base layer 110, According to an aspect of the disclosure, the
extruded layer 115 may include one or more of polyether-cther-ketove (“PERK™) or
polyaryletherketone ("PAEK™). For example, the exiruded layer 115 may be formed from a
suilable PEEK material, such as the AVSSINT PEEK mulerial manufactured hy Solvay
Specialty Polymers. As another exaraple, the extraded layer 115 may be formed from a
suitable PAEK. material, such as the AV630 material manufactured by Solvay Specialty
Polymers. In other embodiments, a blend or combination of materials may be used to form
the extruded layer 115, For example, a suitable thermoplastic material may inctude
polyetheretherketoneketone ("PEEKK™), polyetherkeiloneketone ("PEEI), polvetherketone

{"PEK"), polyetherketoneketoneetherketone (“PEKKEK™), and/or other suitable muaierials.

{80481 An extrusion process may resnlt in the formation of an insulation layer from
approxumnately 100% solid material.  In other words, the extruded layver 115 may be

substaptially free of any sclvents. As a result, the appHeation of the extruded layer 115 may
be Jess energy intensive than the application of an eramel layer as there 15 no need fo
evaporate solvents.  In certain embodiments, the extruded laver 115 may be formed as a
single layer,  in other words, a single polymeric extrusion step may be performed during
formanon of the extruded layer 115, In other embodiments, the extraded layer 115 may be
formed via a plurality of extrusion steps. In other words, the extruded layer 115 may be
formed from a phueality of sublayers. If the extruded layer 115 includes sublayers, the

k]

sublayers may be formed from the swme material or, altematively, at least two layers may be
formed from different materials, For example, a fitst sxtruded layer may jnclude a PEEK or
PAEK matenial while a second extruded laver includes one or more of PEEK, PAEK,
PLEKK, PEKEK, PEK, PEKKEK, another suitable high temperature thermoplastic material,
and/or any other saitablethermoplastic material. indeed, a wide variety of different materials

and/or combinations of materials may be wtilized as extruded layers.
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{1 The extruded layer 115 may be formed with any suitable thickness as desired n
various enibodiments.  For example, the exiruded laver may be formed with a thickness
betwsen approximately .001 inches (25um) and approximately 0.024 inches (610um). In
certain embodiments, the exinided layer may have a thickness between approximately 0.003

~1

inches {(76pyny and approximately 0.007 inches (178um). These example thicknesses allow
the extruded layer 115 1o be thin enough to allow a relatively tight packing of the resulting
magnet wire 100, Additionally, i cerfain embodiments, the extruded layer 115 may be
formed to have a cross-sectional shape that is similar to that of the underlying conductor 108

1
H

and/or base layer 1], For example, if the conductor 105 has an approximately rectangular
cross-sectional shape, the extruded layer 115 may be formed to have an approximately
rectangular cross-sectional shape. In other embodiments, the extruded layer 115 reay be
formed with a cross-sectional shape that varies from that of the underlying conductor 103
{and/or the undertymng base layer 110}, As one non-limiting example, the conductor 105 may
be formed with an elliptical cross-sectional shape while the extruded Jayer 115 is formed with
an approximately rectangular cross-sectional shape. A wide variety of other suitable
configurations will be appreciated.

180421 Additionally, ¥ certain erobodiments, the extrusion process may be comtrolled
such that the extruded layer 115 has a relatively uniform thicksness along a longitdinal {ength
of the magnet wire 100, In other words, the extruded javer 115 may be formed with a
concentricity that is approximately close {0 1.0, The concentricity of the extruded layer 115
is the ratic of the thickness of the extruded layer to the thinness of the extruded Jayer at any
given cross-sectional along a lonmitudinal lepgth of the magnet wire 100, In ceortain
embodiments the extruded laver may be formed with a concentricity between approximately
1.1 and approximately [.& For cxample, the extruded layer mayv be formed with a
concentricity batween approximately L1 and approximately 1.5 or a conceniricity between
approximately 1.1 and 1.3,

{0843] Simtlar {o the extrusion layer 113, application of one or more other insulation
fayers {e.g., a base layer 110, an tntermediary layer, ote.) may alse be controlled to result ina
desired concentricity. For exawmple, any msulation layer may have a concentricily between
approximately 1.1 and approximately 1.8, such as a concentricity between approximately 1.1
and approximately 1.5 or a concentricity between approximately 1.1 and 1.3. Additionally,

the combined insulation layers may have a concentricilty between approximately 1.1 and

[
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approximately 1.8, such as a concentricity between approximately 1.1 and approximately 1.5
or a concentricity between approximately 1.1 and 1.3
16644} in certatn embodiments, the extruded fayer 115 may be formed directly on the
underlying base layer 110 (or an intermediary layer). In other words, the extruded fayer 115
may be formed on an undedying tnsulation layer without the use of a bonding agent,
adhesion promoter, or adhesive layer. As explained in greater detail below, the temperature
of the magnet wire 100 may be controlled prior to the application of the extruded laver 115 to
cluminate the need for an adbesive layer. As a result, the extruded layer 113 may be bonded
to the base layer 110 without use of a separate adhssive.
{8045} The entire insulation system for the magnet wire 100 {e.z., 2 combination of the
base layer 110 and extruded layer 1135, etc) may have any desived overall thickness. In
certamn embodiments, the overall insufation thickness may be less than approximately .0240
mnches (H10um). For exaraple, the overall thickness may he between approximately $.0033
inches (85pm) and approximately 0.0094 inches (240um). With these example thickness, it
may be possible to achieve a relatively Wigh packing of the resulting magnet wire 100, Asa

¥

result, 2 higher output rotary electvical device may be produced utilizing the magnet wire 100

RHEREY As a result of uiilizing an insulation system that includes a polymeric base laver
110 and an extruded thexmoplastic layer 115 that includes at least one of PEEK or PAFK, a

magnet wire 100 may be produced that has a relatively high dielectric strength and/or partial
discharge inception voltage (“PDIV”). According to an aspect of the disclosure, the magnet
wire 100 and #s associated insulation system may have a dielectric strength greater than
approximately 10,000 volts. In certain embodiments, the diefeotric strength may be greater
than approximately 15,000 volts. Additionally, accordmy to an aspect of the disclosure, the
magoet wire 100 and ifs associated ipsulation system may have a PDIV greater than
approximately LOOO volts. In conaln embodiments, the FDIV may be greater than 1,300

greater than 2,000 volts, or greater than 2,500 volts. As a

L il

volts, greater than 1,500 volis
result of the relatively high dielectric strength and PDIV, the magnet wire 100 may be used in
applications that demand higher electrical performane

{00471 Additionally, in certain smbodiments, the magnet wire 100 may have a relatively
tigh thermal rating.  In other words, the magnet wire 100 may be suitable for relatively
continyous use at elevated temperatures without the insulation breaking down. According to
an aspect of the disclosare, the magnet wire 100 may be suitable for relatively continuous use

at temperaturss up o approxamately 2207 € without degradation of the insulation. In certain

g
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embodiments, the magnet wire 100 may be suitable for relatively countimious wse at
fomperatores up to approsimately 2307 €, approximately 240° €, or higher. The term
relatively continuous use may refor 0 a suitable time period that may be used to test the
integrity of the magnet wire 100, such as a time period of 1,000 hours, 5,000 howrs, 20,000
hours or a time period determined from an applicable standard {e.g., ASTM 2307, sic.). Inan
exanple test procedure, the magnet wire 10 may be subjected to an clevated operating
temperature for a given time period and, following the tme period, the miegrity of the
wsulation {e.g., dieleciric strength, PDIV, etc.) may he tested.

{80481 in cerfain embodiments, the msulation system of the magnet wive 100 may be
resistant (o ultravielet (“UV”) light damage and, more particalarly, to UV light damage {e.g.,
damage resulting from liglt having a wavelength between approximately 300 nm and
approximately 400 nm, ete.) doring a partial discharge microburst event. As set forth sbove,
partial discharge inception svents are known to contribute to premature failure of magnet
wire insulation.  In some partial discharge events {e.g., events in which crackling sounds
arise, etc.}, minature Hghining bolt events that cause winjanwe thunderclaps cecur within
micto volumetric spaces wn and around an jnsulation layer. These events may produce
multiple microbursts of UV radiation within these vohunetric spaces. The insulation system
described herein may be resistant to damage caused by UV radiation and/or any associated
smicroburst events at elevated temperatures.  In other words, the insulation system will be
relatively more resistant to breakdown in the presence of UV radiation,

{9045} By contrast, certain conventional wagnet wire insulation systermn may result in
msulation breakdowsn duning UV microburst events. For example, ULS. Patent No. §,526,86¢
describes a maguet wire insulation system that includes an oster Jayer of extruded
polyphenylene sulfide (PPS). However, corona discharges at or around the insalation, such
as corona discharges in the presence of air, may lead to the production of relatively large
amounds of UV vradistion.  The UV radiation may be detrimental to the PPS msulation,
makang the PPS insulation less desitable for application with higher frequency PDIV events.
More specifically, the cyclization reaction caused by the UV radiation results in a new
carbon-carhon bond formation with the creation of an iMermediate tetravalent sulfur species
m the PPS. The intermediate tetravalent sulfur species will either rearrange ot be trapped by
another molety with a double bond, Because the new resulting polymer linked entities have

additional junction points, the resulting polymer will lose elasticity. As a result, the affecter

PPS msnlation will no longer be malleable and may crack and/or shaiter.

ey
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{0656] Addiionally, i certain enboduments, the magnet wire 100 and associated
insulation system may be hydrolvtically stable and resistant o oils and/or lguids, such as
transaydssion fluid,  In certain embodinments, the extruded layer 115 may protect the base coat
110, therehy permitting the magnel wire to be directly in contact with or submerged in oil,
automatic transmission fhaid, and/or similar lubricants or fluids, The magnet wire 100 may
be capabie of satisfving a wide variety of oil resistance tests, such as the oil bomb test set
forth 1 the American Society for Testing and Materdals (“ASTM”Y D1676-03 standard
entitled "Resistance o Insulating Licauds and Hydrolytic Stability of Filme-Tnsulated Magnet
Wire” Under the test, a magnet wire is exposed to oif or another liquid at an elevated

temperatare {e.g., a temperature of 1507 € for approximately 2000 hours, efe.) in order o

3 Y
14 ¥

similate actual use conditions and/or accelerated aging of the wire. After completion of the
test, the wire is agam tested for dislectric breakdown, PDIV, and a visual inspection for
cracking may be performed.
{8031} The magnet wite 100 and associated insulation may alse be relatively flexible
while maintaining adhesion of the insulation layers (Lo, adhesion of a base layer to the
conductor, adhesion of insulation layers to one another, eic.), thereby permitting the magnet
wire 100 o be bent or formed into relatively tight coils without the insulation cracking and/or
separating.  The waguet wire 100 may be capable of satisfying a wide vartety of suitable
flexibility test procedures, such as the test procedure 3.3.6 set forth in the National Blectrical

!

o

Manufacturers Association {("NEMA”) MW 1000-2012 standard. In one example test, a
specimen of the magset wire 100 {e.g., a one meter long saraple, gtc.) may be clongated by
approximately 25%. The sample may then be bent at least approximately 90° around a
mandrel having a diameter of spproximately 4.0 mm. After the bending, the sample may be
mspected for cracks in the insulation. Additionally, the sample may be tested for diglectric
breakdown, PIIY, and/or other desired performance characteristios

{80521 The wmagnet wive [00 may also be resistant to softening.  As a result, the magne
wive 100 may sansfy a wide vaniety of softering or cut-through tests, such as the test set forth
by Japanese Industrial Standard (“JI5") € 3216-6:201H(E). Under the test, a specific load
may be applied to a wire and the temperature may be raised. A determnation may then be

made as to the temoperatire at which a short circuit will occur through the insulation. In
certain embodimems, the magnet wue 100 may satisfy temperatures of up 1o 300° C, up o
4007 C, up to 5007 £, or a temperatare greater than S00° €. Typically, the magnet wire 100

will satisty a temperature requirement between approximately 3007 C and approgimately
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4007 C without a short ocenrring. In certain embodiments, the nagnet wire 100 may also be

d by objects scuffing, wearing down, marring, or

&3

resistant {0 abrasion and/or damage cause

rubbing on the magnet wire 166,

{053 As set forth above, 2 wide variety of different msulation materials and material
dimensions {e.g., thicknesses, etc.) may be utilized as desired in various embodiments. A few

example materials and/or cowmbinations of materals that may be uttlized to fonn the
inselation are set forth m Table | below, along with some performance charscteristics of

teated samples:

Base Coat | First Seeond Extroded Average Average
fiid Coat Mid Coat Yop Coat Dielectric PRIV (&Y}
Strength (kV)
None None None PFEEK 8.0 i.5
Polyimide | None | None PREK. 10.0 1.6
Amdeimide None ~Nowe - PEEK | it 1.8
Polvinude None Nong PREK 117 2.7
Tape
Amidetmide | Polyimide None PEEK 11.5 1.5
Amideimide | Polyimide | Amidenmde PEEK 111 1.7
Tabie 1) Example Insulation Constractions
{8954} As shown m Table 1, 3 base insslation layer 110 may be formed with either a

single layer or with any number of sublayers, such 43 multiple enamel layers. Additonally,
i the event that multiple enamel lavers are wtilized, certain enamel layers may be formed

fora different types of polymseric substances, It will be appreciated that the wsulation

constructions set forth i Table I, as well ay thelr measwred electrical performance

characteristics, are provided by way of exanple only. A wide variety of other constructions

may be formed as desived.  Additionally, the provided performance characteristics are based
on average values taken from a plurality of samples with varving ranges of insulation layer
thicknesses. It will be appreciated that various constructions may exhibit performance
charactenstics that differ from those set forth in Table 1, as the performance characteristics

may be altered by 4 wide variety of factor
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{0055] A magnet wire 100 formed in accordance with embodiments of the disclosure may
be switable for a wide variety of applications. For example, the magnet wire may be suitable

for use m automobile motors, starter generators for hybrid electric vehicles and/or electiic
vehicles, alternators, ete. The insulation system may poanit the wmagnet wire 100 to satisfy
relatively  stvingent  clectrical  performance characleristics {e.g, dielectric strength
requirernents, PDIV requirements, etc.} while beiog sufficiently thin to allow 2 relatively

the performance and/or output

=)

¥

tight packing or voiling of the wagnet wire 100, As a resul
of an electrical machine formed using the magnet wire 100 {(e.g, a rotarty electrical machine,
ete.} may be enhanced relative fo machines formed wtilizing conventional magnet wire,
{056} The raguet wire 100 described above with reference to FIG. 1 is provided by way
of example only. A wide variety of alternatives conld be made to the ilustrated magnet wire
100 as desired i vaniows embodiments.  For example, a base layer 110 may be formed with
any nuysber of sublayers. As another example, the cross-sectional shape of the magnet wire
100 and/or one or more insulation layers may be aliered.  Indeed, the present disclosur
envisions g wide variety of saitable magnet wire constructions.
{BOSTY FIGS, 2A-2D illustrate example cross-sectional views of example magnet wires
200, 225, 250, 275 that may be formed m accordance with certain erabodiments of the
diselosure. Each of the example magnet wires 200, 225, 250, 275 inchades a different
msulalion system.  Additionally, the components of each example insulation system are
described 1n greater detail above with reference to FIG. 1. Taming first to FIG. 24, a first
example magnet wire 200 is illustrated. The magnet wire 200 may include a conductor 208,
and one or more fayers of enamel 210 may form a base layer of polymeric insulation, A
thermoplastic top coat 215 may then be extruded over the ename! 210.
D058} PG, 28 ilostrates a cross-sectional view of another example magnet wire 2258,
The magnet wire 225 may nclude a conductor 230, and a polymeric tape {e.g., a polyimide
tape} 235 may be formed or wrapped around the conductor 230, A thermoplastic top coat
240 roay then be extruded over the tape 235 TIG. 2C illustraies a cross-sectional view of
another example wagnet wive 250, The magnet wire 250 may include a conductor 258, and
one of smore Jayers of enamel 260 may be formed around an outer periphery of the conductor
260, A polymeric tape 263 may then be wrapped around the enamel 260, and a thermoplastic
top coat 270 may be extruded over the tape 265, FIG. 2D lusteates an example magnet wire
275 w which a semu-conductive layer 280 is formaed arcund a conductor 285 A base layer

290 and extruded layer 295 are then formed on the semi-conductive layer 280,
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LR A wide variety of other suitable magnet wire constructions may be formed as
desired in various embodiments of the discloswe.  These constructions may include
insulation systems with any sumber of layers and/or sublayers. Additionally, the msulation
systems may be formed from a wide variety of suttable materials and/or combinations of
materials, The magnet wire constructions illustrated in FIGS. 2A-2D are provided by way of
non-iimiting example only.

{30601 Az set forth above, a magnet wive and/or various nsulation layers of a magnet
wire may be formed with a wide variety of sustable cross-sectional shapes. FIGS. 3A-3F
ustrate examyple cross-sectional shapes that may be utilized for wagnet wire in accordance
with various ilhustrative embodiments of the disclosurs. Although the shapes in FIGS. 3A-3F
are ilustrated as comductor shapes, it will be appreciated that similar shapes andfor outer

periphertes may be attlized for varions insulation layers.

L EY S Turning first to FIG. 3A, a first example magnet wire 300 is ilhustrated as having
an approximately rectangular cross-sectional shape.  As shown, the cormers of the magnet

wire 300 may be rounded, blunted, or wuncated. FIG. 3B illustrates a second example
magnet wire 305 haviag a rectangular or approximately rectangular cross-section with
relatively sharp comers. FIG. 30 fllustrates a third example magnet wire 310 having an
approximately square cross-sectional shape with roanded comers. FIG. 3D illustrates a
fourth example magnet wire 313 having a square or approximately square cross-sectional

shape with relatively shawp corners. FIG. 3E illustrates a {ifih exaraple wagnet wire 320

gt

aving a circular cross-sectional shape, and FIGQ. 3F illustrates a sixth example magnet wire
325 having an elliptical or oval cross-sectional shazpe. {ther cross-sectional shapes may be
utilized as desired, and the shapes ilustrated wn FIGS. 3A-3F are provided by way of non-
himiting example only.
{2 A wide vanety of suitable methods andior techniquas may be wiilized as desired to
produce magnet wire in accordance with various embodiments. In conjunction with these
anufacturing techniques, a wide variety of suitable equipment, systems, machines, and/or
devices may be utilized. FIGS. 4 and 3 iflustrate two example systems 400, 500 that may be

to form magnet wire m accordance with various embodiments of the disclosure

5
1
o
IS
44
£2.

These example systems 400, 500 will be discussed below in comjunction with FIG. 6, which
ittustrates an sxample method 600 for forming magnet wive.
8063] Tuming to FIG. 6, the method 600 for forming magnet wire may begin at block

605. At block 603, a magnet wire conductor may be provided 605 in accordance with a wide

17
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1

variety of suitable technigues andior vtilizing a wide variety of suitable wire formation
systems. For example, at block 610, a conductor may be drawn from a suitable input material
{e.g., a larger diameter conductor). Both the systems 400, 500 of FIGS. 4 and 5 llastrate
wire forming devices 405, 505 {also referred to as wire forming componerts or wire forming
systeons) conligured to receive input material 410, 510 and process the received input
material 410, 510 to forme a conductor 415, §15 with desired dimensions. Bach wire forming
device 405, 503 may mclude one or more dies through which the input material 410, 510 is
drawn i order to reduce the size of the input material 410, 510 to desired dimensions.
Additionally, m ceviain embodiments, one or more flatteners and/or rollers may be used ¢

modify the cross-sectional shape of the input material 410, 510 before and/or after drawing

-

the mput material 410, 510

et

wough any of the diea. For example, rollers may be used fo
fatien one or more sides of input waterial 410, 510 in order to form a rectangular or square
wire,

{64} In certain erabodiments, a wire forming device 405, S05 may include any number
of suitable capstans and/or other devices that pull the input material 410, 510 through the dles
andfor rollers.  In other embodiments, one or more separate devices, such as a separate
capstan, may draw the input matenal 410, 510 through a wire forming device 403, 505, As
desired, any number of motors may be wtilized to power capstans, dancers, and/or other
devices that exiubit a drawing force on the input material 416, 510 and/or the conductor 413,

315 output by the wire forming device 405, 505, Additionally, the motors may be controtied

by any aumber of suitable controliess and, as desired, synchronized with other components of
the ;‘especii e systems 400, 500,

{D065] fn certam embodiments, cach wire forming device 408, 505 may receive input
material 410, 510 from one or more suitable payoffs 420, 520 or other sources of preformed
material, In other embodiments, a wire forming device 405, 505 may receive mput material
iy & continuous or tandem manner. For
s¥tH

tivs

e

it

410, S10 from other processing devices or macht

i
.’:}

example, a wive forming device 405, 505 may receive input material from a suitable ro
or rod breakdown machine (not shown). A rod mill may draw rod stock through one or more
dies i order to reduce the dimensions of the rod stock. As desired, a rod mill may also
inchude one or more fatieners and/or rollers, A rod mill may include any munber of capstans

that pull or draw the rod stock through the dies. In certain embodiments, each capstan may
be powered by an mdividual motor.  Alternatively, a given motor may power any subset of

the capstans, As deswred, the wotors may be coutrolled and/or synchronized by one or more

18
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suttable controllers. Additionally, fu certain erabodiments, operation of the rod mill may be
synchronized with the wive forming device 405, 505, Farther, a wide variety of other suitable
devices may be positioned between the rod mill and the wire forming device 4035, 505, such
as an annealer and/or one or more wire cleaning devices.
6366 fn other embodiments, a wire forming device 405, 505 may receive input materal
410, 310 from a sintable continuous extrusion or conform machine (not shown). For
example, a couform machine may receive rod stock {or other suitable input material) from a
payofl or other source, and the conform machine may process and/or manipulate the rod
stock to produce a desived conductor via extrusion. The conductor produced by the conform
machine may then be provided to the wire forming device 403, S05 for further processing,
As desired, operation of the conform machine and wire forming device 405, 505 may be
svachrowized via one or more suitable controflers.
{88671 As yet another example of providing a conductor, at block 615, a preformed
conductor may be provided or recetved from a suitable payoff or source. In other worde, &
conductor may be preformed in an offline process or obtained from an external supplier,
Thus, it 18 not necessary to provide a wire forming device 403, 505, The conductor may bave
any suitable dimensions as specified for a desired magnet wire product
{8068 At block 620, which may be optional in cerfain embodiments, one or more semi-
conductive layers may be formed around the conductor. A semi-conductive layer may
wehude semi-conductive andior conductive material that may assist ju equalizing voitage
stresses and/or dissipating corona discharges.  In certain embodivaents, a semi-conductive
layer may be formed on the conductor in a similar manner fo an enamel fayer. In other
embodiments, a semi-conductive layer may be extruded onto the condusior.

3068 At block 623, one or more base lavers of polymeric fnsulation may be formed
: ay Paiy ¥

..4

around the conductor or any preexisting layer. For example, at least one base polymeric fayer

may be formed directly on the conductor. As another example, at loast one base polymeric
layer may be formed on a semi-conductive laver. The base layer may be formed from a wide
varfety of sustable materials and/or combinations of materials, In certain evobodiments, as set
forth in block 630, a base layer may be formed by applying one or move favers of enamel to a
conductor. The system 400 of FIG, 4 iliustrates an example enamel formation process. A
copductor 415, such as & conductor exiting a wire forming device 405, may be passed
through one or more suitable components 425 that apply an enamel layer o the conductor

415, As shown, the conductor 415 may be passed through an enameling oven 425, Tn cortain
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embodiments, one or more dies may be incorporated nio the enameling oven 425, and
smish may be applied to the conductor 413 as it 18 passed through the die(s). In other
embodiments, the conductor 418 may be passed tuough one or more varnish appiication dies
prioy to entering the enameling oven 425, In vet other embodiments, varnish may be dripped
onto the conductor 415 either prior to or after the conductor 4185 enters the enarpeling oven
425, Atter application of the vamish, the enameling oven 4235 may heat cure the varnish
and/or evaporate any solvents mixed or blended with the varnish in order to complete the
formation of an enamel layer,
{68781 The process for applying an enamel layer fo the conductor 415 may be repeated as
many tintes as desived in order to obtain a desired enamel bulld thickaess. In other words,
additional varmish may be applied to the conducior 415 and, after cach application {or series
of applications), the conductor 415 may be heated in the enameling oven 425 antil a desire

1 1.
it

ename! build is attained.

E%ﬁ?iﬁ‘} Additionally, with continued reference to FIG. 4, once the conductor 415 exits the
wire forming device 405, the conductor 415 may be passed through any number of other
componants prior to reacling the enameling cven 425, For example, upon exiting the wire
torming device 4035, the conductor 415 may be passed through one or more synchronization
devices 430, such as one or more dancers {(as Mustrated), fiyers, capstans, and/or load eells,
The synchromization device{s} 430 may be comtrolied by one or more sustable controliers in
order to match or approximately match an operational speed of the wire {orming device 405
to that of the enamelng oven 425, In this regard, wire formation and enameling may be
carried out 0 & conlituous or tandem fastuon. In other words, the conductor 415 may not be
taken up between the drawing and soameling processes. In other embodiments, a conductor
415 may be taken up after L exits the wire forming device 408, and the conductor 415 may
subsequently be provided via a payoff to another device (e.g., an enameling oven, a wrap
applicator, cic.} that forms a base layer of polymerie fnsnlation in an offline manner,

{06721 With contimued reference to FIG. 4, as desired in vanious embodiments, the
conductor 415 way be passed through one or more cleaning apparatus 435 and/or an annealer
448 prior to endering the enameling oven 425, The cleaning apparatus 435 may wipe or
otherwise remaove residual particles from the conductor 415 following the drawing procass.

The annealer 440 may soften the conducior 415 by heat treatment in ovder to achieve desired

tenstie strength, elongation, and/or spring back.

)
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{66734 As another example of applying a base polvmeric layer, at block 635, & suitable
insuiating fape may be wrapped or otherwise formed around a conductor. The system 500 of
FIG. 5 iHustrates & conductor $13 being provided to a wrap applicator 525 after the conductor
$18 exits the wire forming device 305. The wrap applicator 323 may wind or wrap 3 suitable
polymeric tape, such as a polyvumide tape with FEP formed on each side, arowd the
conductor 515, Additionally, similar to the system 400 {Hustrated in FIG. 4, the wrapping
process may be formed in tandem with the conductor formation process.  In other
embodiments, the conductor 515 may be taken up following the conductor formation process
and later provided viz a suitable payout to the wrap applicator 525.

{86741 Addstionally, similar to the system 400 Hustrated in FIG. 4, a conductor 515 may
optionaily be processed by one or more synchronization devices 330, cleaning apparatus 535,
anpealers (not shown) and/or other devices prior to winding or wrapping of & polymeric tape,
Fach of these devices may be sinular to those describad above with reference to FIG. 4.

{8675} At block 540, which may be optional in certamn cmbodiments, one or more

intermediary fayers of insulation may be {ormed around the base layer(s} of insulation. For
example, both enamel layers and # tape layer may be formed around 2 conductor. 1t will be
appreciated that the systems 400, 500 of FIGE. 4 and S may be modified in order to faciitlate
the formation of any number of base and/or intermediary Jayers of fnsulation. For example, a
systern may be formed that includes both an enameling oven and a wrap applicator. As
apother example, a system may be formed that includes a plurality of enameling ovens.

{60761 Foliowwmng the application or formation of one or more base layers andfor
intermediary layers of insulation, a top voat or vuter laver of thermoplastic insalation may be
formed. In certain embodiments, as ifhustrated in block 6453, the temperature of the conductor
ar magnet wire may be controlled prior to the extrusion process. For example, as illustrated
in FYG, 4, the condactor 418 may be passed through one or more heating devices 445 in order
to attain a desired temperatue prior {o the extrusion process. The heating devices 445 may
nwlude any suitable devices configured o increase or raise the temperatare of the conductor
415, such as one or more heating coils, heaters, ovens, efe. As necessary, on or more cooling
devices may also be utitized. The temperature of the conductor may be adjusted or controlied
to achieve a wide variety of suitable values priov to exirusion.  For example, in certain
embodunents, the temperature may be controlled to approximately 200° C or greater prior to
extrusion. As another example, teraperature may be controlled to approximately 400 F or

1

foater prior to extrusion.  Controlling or mataining the temperature at this level may

uw‘
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facilitate adhesion between the extruded thermoplastic layer and the underling insulation
materials. In this regard, the use of a separate adhesive layer may be avoided.

{6677} The system of FIG. 4 illustrates a system 400 in which a conductor is provided
from an ensmeling oven 425 divectly to an extrusion process (e.g., the iflustrated heating
devices 445 and subsequent extrusion devices 450} in a tandem or continuous manner. As
desired, one or more synchronization devices 455 may be utilized to synchronize the

ename?ing and extrusion processes. As shown in FIG. 4, a suitable capstan may be utilized as

Pyl
)

vichronmation device, and the capstan raay be configared to pull the conductor 405 out of
the enameling oven 425 for provision to the exirusion process. In other embodiments, the
synchronization device(s} 455 may include one or more dancers, fiyers, capstans, load cells,

and/or combinations thereof.  Adduionally, as desired in various crebodiments, the
synchromzation device(s) 455 may be controiled by one or more suttable controllers in order
to maich or approximately match an operational speed of the enameling oven 425 and the

extrusion process. Altermatively, the speeds of other devices in the systern 400 may be

3

synchronized with the speed of a capstan. In this regard, enameling and extrusion mway be
carried out i a continwous or tandem fashion. In cther words, the conductor 415 may not be

faken up between the enameling and extrusion processes. In other embodiments, a condactor

415 may be taken up after it exits the enameling oven 425, and the conductor 415 may

subsequently be provided via a payolf to an extrusion process.

{8878} In contrast o the systemn of FIG. 4, FIG, § illustrates & systom 500 in which a

conductor 315 is supphed to a take-up device 540 following application of one or more base

and/or mtermediary layers of insulation.  The conductor 515 may then be supplied by a

suitable payoll device 545 to an extrusion process that includes one or more heating/cooling
devices (e.g., the ithustrated heating deviee 550) that contro! the temperature of the conductor

315 prior to application of an extruded layer. It will be appreciated that either system 400,
500 may perform the application of base msulation and extruded insulation in either a tandem
process or, altemnatively, 1 two separate processes in which the conductor is taken up in
between. In the event that a tandem process is utilized, the speeds of the components that
apply base msulation and the extrusion components may be controlled and/or synchronized.
in certain embodiments, the processes of providing a conductor, applyving a semi-conductive
fayer, applying base insulation, and/or applying an extruded layer may be performed in a
tandem or continuous process, Accordingly, the speeds of all of the various subprocesses

may be controlled and/or synchronized,
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{8079} The thermoplastic inselation may be extruded onto the conductor at black 650
As illustrated at block 655, in certain crobodiments, the exmuded thermogplastic msulation

may inclode a suitable PEEK material, Alteratively, as illustrated at block 660, the extruded
theymoplastic insulation may include a suitable PAEK material in other embodiments. o yet
other embodiments, the thermoplastic msulation mway include a combimation of PEEK and
PFAEK materials, a combination of PEEK and/or PAEK with other suitable thermoplastic
materials, and/or any other suitable materials that achieve desirable insulation resulta, As
desived, a single extruded laver or nmltiple extriuded layers may be fonmed. Both the systems
400, SO0 of FIGS, 4 and 3 llustrate extrusion devices 430, 555 that are configured to extrude
thevmoplastic Tnsulation as a top coat. These devices 450, 555 may include any nuniber of

uitable extrusion heads and/or other devices c\fmﬁgur&f} io apply a desired amount of

&

thermeplastic insulation.  As desived, the flow rates of the extruded insulation may be
controlied m order to obtain a desived thickness. Additionally, n certain emabodiments, one
or more extrusion dies may be uiihized 10 control the thickness and/or shape of the extruded
wmstlation.
R R Although not llustrated in FIG. 6, i ceriain embodiments, one or move semi-
conductive layer may be fimmoed on top of an extruded thermoplastic Javer. In other words, &
sernteonductive layer may be formed as a top coat. A semd-condusctive Tayer may be formed
m a process similar to that utilized w0 form an coamel laver or, alternatively, a semi-
conductive layer may be extruded. In the event that a semi-conductive layer is extruded, the

senwi-conductive layer may be co-extruded along with the thermoplastic extruded layer or,
alterpatively, exiruded in a subsequent operation. Additionally, a top coat semi-conductive
fayer may assist in dissipating corona discharges and/or eqnalizing voltage siresses. In this
regard, the PRV of the finished magnet wire may be tnoreased.

{8081} At block 663, the temperature of the conductor and associated extraded insulation
may be controlled following the extnsion process. In cortain embodiments, the extruded
insulation may be heated following extrusion. This heating may maintain s desired post-
extrusion temperature and/or assist in attaming a desired crystallinity.  Additionally, in

cerfain embodiments, the process of cooling the extruded inselation prior {o taking up the

wh

nished magnet wire may be controlled.  As a vesult of controlling the cooling rate of the
extruded insulation, deswable characteristics may be achieved on the top coat. For example,

a desired crysiallinity of the extruded top coat may be achieved.

ey
Ll
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{88821 Both the systens 400, 300 of FIGS5 4 and 5 illustrate suitable heating devices 437,

U’;

60 and cooling devices 460, 565 that may be utilized 10 control the temperature of magnet

e

wire omce it exits associated extrasion dovices 450, 535, The heating devices 457, 560 may

meliude any suitable devices and/or systems configured 1o raise the iemperature of the magnet
wire following extrusion, such as heating coils, heaters, ovens, ete, The cooling devices 460,
365 may include any suitable devices and/or systems configured to lower the temperarare of
the finished magnet wire prior to take-up. In certain embodiments, the cooling devices 460,
365 may mclude a quencher or liquid bath {e.g., a water bath) through which the magnet wive

id in the bath may be controlled

I3
N
L

may be passed in order fo cool, The temperature of the Hau
via reeyoling bgquid.  Additionally, the cooling rale may be controlled as a function of

cordroliing the Hauid temperature and/or establishing a desived length of the quencher.

1
i

JREBRH Following cooling of the extruded layer, the finished magunet wives may b
provided {o suitable accummdators and take-up devices, such as the accomndators 465, 570
and take-up devices 470, 575 iHustrated in FIGS. 4 and 5. These devices may, for example,
apply tension to the wive, bundle, the wire, and/or wind the finished wire onto a spool. As
desired, one or more synchronization devices may be provided between the exirusion process
and the acoumulatots 465, 570. For example, one or mwore dancers 475, 580 and/or capstans
480, 385 may be provided. These synclronization devices may be configured to exert a force
on the conductors and/or finished magnet wire i order to pull the conductors through the
extrusion devices andfor (o yoaich the take-up speed with that of the exirusion process.
Addittonally, in certain embodiments, the synchronization devices may be controlled by one
ar more confroliers in order to synchronize the extrasion process and the take-up process.
13084} In certain embodiments, as set forth at block 670, a wide variety of different test
may be performed on the fiushed wire. Certan tosts may be performed in an n-line process
priov to taking up the finished wire. For example, one or more measurenent devices {e.g.,
optical measurement devices, sensor dies, laser measurement devices, etc.) may monitor the
thickuess and/or concentricity of the extruded top coat. Sinutlar weasorement devices may be
provided at other points within a manufacturing system, for example, o test conductors for
desired dimensions, to fest applied enamel layers for desired thicknesses, dimenstons, and/or
beading, and/or to tdentify fanlts in a wrap layer. Other tests may be performed 1 an off-line
process.  For example, a technician may fest a sample of wire for any desired electrical

performance characteristics, such ag a desired diglectric strength and/or a desived POV, A
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sample of wire may also be tested for ofl resistance, temperature performance, abrasion

resistance, resistance to mechanical forces, anddor fexibility via any number of suitable tests.

[B085] As set forth above, 1n certain embodinents, the various wire formation steps may
be performed in a tandem or conttnuous process. In other embodiments, two or more of the

formatios steps may be performed in an offiine or non-continuous provess. For steps that are
performed w tandems, it may be desirable to synchronize and/or otherwise conirol the
processing speeds of various manufacturing components in order to facilitate wire processing.
For example, the speeds of one or more motors that power individual capstans that pull the
rod stock and/or conductor through the various manufacturing components may be controlied
andfor synchronized.

RIS In certain embeodiments, oue or more suitable controflers 485, 390 may be utilived
to condrol gertain operations of varions corponents of a manufacturing system, such as the
systens 400, 300 lustrated in FIGS 4 and 5. For example, one or more controllors 485, 590
may faciiate synchromization of motors and/or line speeds within an  associated
manufacturing system 400, 500, As desired, a controlier 485, 390 and/or combination of
controflers may additionalty control a wide variety of other parameters, such as the flow rate
of an applied varnish, the temperature of an enameling oven, the wrapping rate of 3 wrap

apphicator, the temperature of various beating/cooling devices, the flow rate of an extrusion
device, the temperature of liquid inchuded in a quencher, and/or various testing conducted on
a conductor andl/or finished wire. Although a single controllar is illustrated in each of FIGS.
4 aund 3, any sumber of condrollers may be wiilized.  Each controller may be 2 separate
component o, alternatively, incorporated into another device or component. Additionally,
any pumber of suttable communications channels (g, wired communications channels,
wireless corommmications channels, et} may facilitate comnpuudeation between a controlier
and one or muwye other components {e.g., ong or more molors, another conlrolier, other
evices, efc.}.

{6687} The system 400 of FIG. 4 Hlustrates the components of an example controller
485, 1t will be appreciated that the controller 590 illustrated v FIG. § may include similar
components, Additionally, 1t will he appreciated that multiple controllers may be utilized as
destred.  With reference to FI(3 4, the controller 485 may include any mumber of suitable
processor-driven devices that facilitate control of a magnet wire manufacturing system 400 or
any number of components inchuded in the systers 400, In some example embodiments, the

controller 485 may chude one or move progranmumable logic controllers (“PLCS™); however,
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in other embodiments, a controller may include any sumber of server computers, networked
computers, deskiop computers, personal computers, laptop computers, mobile computers,
nyorocontroliers, and/or other processor-based devices. The controller 485 may utilize one or
wote processors 490 o execute computer-readable or computer-executable instructions to
factlitate the operations of the comroller 485, As a result of executing these computer-
executable tnstructions, a special-purpose computer or particular machine may be formed that
facilitates the control of one or more conponents of a magnet wire manufaciuring system 400
and/or synchronization of various components of the system 400,
JO8E] In addition to having one or more processors 490, the controlier 485 may further
wnclude one or more memory devices 491 {(also referred o as memory 491), one or more
petwork or commuuucation irderfaces 492, and/or one or more input/output (“FO7) interfaces
493 associated with corresponding nput and ouwtpat devices. The memory devices 491 may
melude any number of suitable memovy devices, such as caches, read-only memory devices,
random aceess memory devices, Hash memory devices, magnetic storage devices, removable
storage devices (e.g., roemoty cards, efc.}, and/or non-removable storage devices. As desived,
the memory devices 491 may include internal memory devices and/or external memory
devices. The memory devicss 491 may store data files 494, execuiable instructions, and/or
arious program mochdes utitized by the processors 490, such as an operating system {O8)
495 andfor one or more control progrars 496,
{3E9) Stoved data files 494 may include any soitable data that facilitates the operation of
the controller 483 and/or the interaction of the coniroller 485 with one or more other
components of the system 400, For example, the stored data files 494 may nclude, but are
not mited o, desired operating parameters for other components of the system 400, current

esting a conductor

,.,«A

speeds of vartous motors within the system 400, desived parvameters for
and/or finished magnet wire, stored test results, ete. The OS 495, which 1 optional in certain
embodiments, may be a suttable modude that facilitates the general operation of the controiler
485, as well as the execution of other program modules, such as the control program(s) 496,

{8096} The comirol program{s) 496 may include anmy number of suitable softwarg

o

3 3

wodules, apphications, and/or sets of compuler-execatable mstructions that facilitate the
condrol and/or synchronization of vartous components of the system 400, In operation. the
control prograni(s} 496 way monitor any wumber of measurements and/ior operating
parameters associated with the manefacturing system 400, such as motor speeds, measured

temperatures, test data, etc. The contrel program{(s) 496 may evaluate this data and take any

3
(o2
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number of suitable control actions based at feast in part ou the evaluations. For example, the
control programfs) 496 may adjust the speeds of ome or more motors to facilitate
synchronization of the system 400, As another example, the controf progranm(s) 496 may
control the operation of ose or more heating/cooling devices in order to maintain desired
operating parameters, As yet another example, the control program(s) 496 may identify alent
conditions, such as fatled tests conduions, and take any number of suitable actions based
apon the ideniified alert conditions, such as generating and/or communicating a suitable alert
message and/or ceasing opegation of the systom 400 untl the alert condition can be
addressed.

{6021} The method 600 may end following block 670. The operations described and
shown in the method 600 of FIG. 6 may be carried out or performed in any suitable order as
desired in various embodiments. Additionally, n certain embodiments, at least a portion of
the operations may be camied out in parallel, Furthermore, in certain embodiments, less than
or more than the operations described 1n FIGS. 6 may be perfonmed.

{8093} In one example embodiment, an insulated winding wire comprises a conductor
and imsulation formed around the conductor. The insalation provides a partial discharge
smeeption voltage greater than approximately 1,000 volis, a dieleciric strength greater than
approximately 10,000 volts, and the insulation may be capable of a continuous operating

temnperature of approximaately 220° € withowt degradation.  Additionally, the insulation

comprises at least one layer of enamel formed around an outer periphery of the conductor and
an extruded theymoplastic layer formed around and directly on the enamel with substantially

H

no bonding agent. The thenmoplastic fayer has a concentricity between approximately 1.1
and approxsmately 1.3, and the thermoplastic laver comprises at least one of
polystheretherketone (PEEK} or polyaryletherketone (PAEK).

EHU A in one example embodiment, the conductor has an approximately rectangular
cross-section. In certain embodiments, the at least one layer of ename! comprises at least one

polyester, (v} polysulfone, (vi)

of (1) pelyenide, (1) polyvarsidennide, (1) amddeimide, (iv) g
polyphenylenesultone, or {vii} polysulfide. In one exarople embodiment, the at least one
fayer of enamel comprises a layer of amidetmde and a layer of polyimide. In certain
embodiments, the at least one layer of enamel has a thickness between approxireately 0.001
inches {25pm) and approvimately 0.01 nches (254um). In other embodunents, the at feast

one layer of enamel has a thickness between approximately 0.003 inches (76pm) and

approximately €.005 inches (127um).
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{0994} iry certatn embodimerts, a layer of semi~conductive material is formed between
the conductor and the at least one layer of enarsel. In other embodiments, the at least one
Jayer of enamel comprises a plurality of layers of enamel, and a base layer of enamel

comprises a semi-conductive material

{0095] Additionally, it certain embodiments, the at least one layer of snamel maintains
adheston to the extruded thermoplastic layer when the wire is elongated by at least

approximately twenty-five percent and bent at least approximately ninety degress around a
mandrel having a diameter of approximately 4.0 mun.

{80846} In certain embodiments, the thermoplastic layer comprises polyvarvietherketone
{(PAEK).  Additionally, wm certain example combodiments, the thermoplastic laver has a
concentricity betwesn approximately 1.1 and approximsately 1.3, As desired in certain
embodiments, the extruded thermoplastic layer has a thickness between approximately 0.001
mehes (251un) and approximately 0.024 inches (610um).

{8697 fn certain embodiments, the insulation of the wire has a partial discharge inception
voltage greater than approximately 1,500 volis. In one example cmbodiment, the total
thickuess of the insulation is less than approximately 0.0094 inches (240pn0). In another
f‘xm”t‘pae embodiment, the total thickness of the insulation is between approximately 0.0033

o8 {85} and approxiveately 0.0094 inches {240um).
{86938} in one example embodiment, the wire & resistant to at least one of ofl or
transoussion fluid, In another example embodiment, the insulation is capable of a continuous
operating temperatare of approximately 240" C without degradation. In yet another example
embodiment, the insulation maintains its electrical propertics when the wire is bemt ninety
.

tegrees around a reandrel. In another example embodunent, the extruded thermoplastic layer

B

7

18 resistant to ultraviolet Hght damage during a partial discharge microburst event,

0089 In another exanple smbodiment, a method for forruing an insulated winding wire
comprises providing a conductor; forming at least one base layer of polymeric material
directly around an outer periphery of the conductor; and extruding a thermoplastic layer
around the base layer, the thermoplastic layer having a concentricity between approximately
L1 oamd approxumately 1.5, and the thermoplastic layer comprising at least one of
polyetheretherketone (PEEK) or polvaryletherketone (PAEK).

{90160]  In ove example embodunent, providing a conductor comprises forming rod stock

into a conductor having a desired cross-section. As one example, providing a conductor
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comprises forming rod stock into a conductor baving an approximately rectangular erogs-
sectional shape.

{80161} In ancther example embodiment, forming at least one layer base laver of
polymeric material comprises applying at least one layer of coamel onto the conductor. For
example, applyving at least one layer of enamel comprises applying st least ous layer of (1)
polyimide, (i) polyamideinude, (1) amideimide, (iv) polyester, (v} polysulfone, {vi)
polyphenylenesuifone, or (vii) polysuifide. As another example, applying at least one faver
of enamel comprises applying a layer of amideimide and a layer of polyimide. In certain
embodiments, applying at least one layer of enamel coraprises applying at least one layer of
enamel having a thickness between approximately 0.001 inches (25pum) and approximately

0.01 inches (254}, In other embodiments, applying at least one laver of enamel comprises

applying at least one layer of enamel having a thickness between approximately 0.003 inches
{76} and approxamately 0.008 juches (127pm).
{00102]  In certain embodiments, the method further comprizes forming a layer of seny-
convductive material between the conductor and the at least one layer of enamel. In other
mbodiments, applymg at least one {ayer of enamel comprises applying a plurality of layers
of enamel, and a base layer of enamel comprises a semi-conductive material. Additionally, in
certain embodiments, the at least one layer of enamel mamiains adhesion fo the extruded
thermoplastic layer when the wire 1s elongated by at least approximately twenty-five percent
and bent at least approximately ninety degrees around a mandre! baving a diameter of
approximately 4.0 mm,
3] In certain emboduments, extroding a thermoplastic layer comprises extruding a
thermoplastic layer comprising polyarvietherketone (PAEK).  Additionally, in CE‘:.I tain
example embodiments, extruding a thevmoplastic layer comprising extrading a thermoplasti
layer at a concentricity between approximately 1.1 and approxtmately 1.5 In other example
embodiments, extruding a thermoplastic layer comprising extruding 8 thevmoplastic laver at a
copeeviricity below 1.3, In other erample cmbodiments, extruding a thermoplastic layer
comprising extruding a thermoplastic laver at a concentricity between approximately 1.1 and
approximately 1.3, In certamn embodiments, the extruded thermoplastic layer has a thickness
between approximately 0.001 inches (25pm) and approximately 0.024 tnches (610um).
{06104} In certarm embodiments, the method further comprises controlling, prior to
extruding the thermoplastic layer, a leraperature of the conductor and the at feast one base

fayer to be at least 2007 0. In one example embodiment, the forming and extruding are
yer
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performed in a tandem process. In ancther example embodiment, extruding a thermoplastic
layer corprises extruding a thermoplastic layer divectly on the at least one base layer.

(BOT65]  In certain embodiments, the insulation of the wire formed with the method has a
partial discharge inception voltage greater than approximately 1,500 volts. In one example
cmbodiment, the total thicksess of the inselation is less than approximately 0.0094 inches
{240wm).  In another example embodiment, the total thickness of the insulation is between
approximately 0.0033 inches {85um) and approximately 6.0094 inches (240um).

{91861 In one example embodiment, the wire 15 resistant fo at least one of oil ot
transmussion flaid. In another exar ;1;316 embodiment, the insalation is capable of 2 continuous
operaling temperature of approximately 240° C without degradation. In yet another sxampie
embodiment, the insulation maintains ity electrical properties when the wire is bent ninety
degrees arcund a mandrel. In another example embodiment, the extruded thermoplastic laver

>

discharge microburst event,

emns

is vesistant to ultraviolet Hght damage doring a partial
{08187 In another example embodiment, an innudated winding wire comprises a conductor
and msulation formed around the counductor, the insulation providing a partial discharge
incepiion voltage greater than approximately 1,000 volts, a dielectric strength greater than
approximately 10,000 volts, and the insulation capable of a continuous operating temperature

oy

of approximately 2207 C without degradation, the insulation comprising: at least one base

N

fayer of polymeric epamel mualerial formed divectly around an outer periphery of the

>

ormed divectly on the enamsl with

b

conductor; and an extruded thermoplastic layer
substantiaily 0o boading agent and baving a concentricity of less than approximately 1.3, the
extrded layer comprising polyaryietherketone (PAEX).
[00I08]  In owe example smbodiment, the conductor has an approximately rectangular
cross-section. In one example embodiment, the at least one base laver of polymeric enamel
matersal comprises at least ove of (i) polyimide, (if) polyamideimide, (1) amideimide, (iv)
polyester, (v} polysulfone, (v} polyphenylenesulfone, or (vii) polysuifide. In another
example embodiment, the at least one layer of enamel comprises a layer of amideimide and a
layer of polyimide. In certain embodiments, the at least one laver of enamel has a thickaess
between approximately (L0010 inches (28um) and approximately 0.01 inches (254um). In
other embodiments, the at least one layer of enamel has a thickness between approximately

nches {127um). Additionaily, in ceriam

...

3.003 inches (76uny and approximately 0.008
embodiments, the at least one i_a.yer of enamel mamtainy adhesion to the extruded

thermoplastic layer when the wire is clongated by at least approximately twenty-five percent
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and bent at least approximately wety degrees around a mandrel having a diameter of
approximately 4.0 mm.

3
i

{00109 I certain embodiments, a laver of semi-conductive material s formed hetween
the conductor and the at least one laver of enamel. In other cmbodiments, the at least one
layer of enamel comprises a phuality of layers of enamel, and a base layer of enamel
omprises a semi-conductive material,
{66118  In another exarople crabodiment, the at least one base fayer of polvmeric material
comprises a polyimide tape with fluorinated ethylene propylene (FEP) formed on both sides
of the tape. As desired in certain embodiments, the extruded thermoplastic faver has a
thickness between approximately (.001 inches (25um) and approximately 0.024 inches
{610pm).
{00113 In cortain embodiments, the tnsulation of the wire has a partial discharge inception
voltage greater than approxumately 1,500 volts.  In one example embodiment, the total
thickness of the nsulation is less than approximately (.0094 inches (240um).  In another
exampie ernbodiment, the total thickness of the inselation is between approximately 0.0033
inches (85pum} and approximately 0.0094 inches (2400},
LE S

trananussion fluid. To another example embodinment, the insulation is capable of a contmuous

In one example evobodiment, the wire & resistant o at feast one of oil or

operating temperature of approximately 2407 € without degradation. Ya yet another example
emboduneny, the wsulation matntains s electrical properties when the wire is bent ninety
degrees around a mandrel. In another example embodiment, the extruded thermoplastic layver
is resistant to ultraviolet hght damage during a partial discharge microburst event.

{08113 In another example embodiment, an electric machine ¥s provided that comprises at
least one winding of insulated wire, the insulated wire comprising: a conductor; and
insulation formed around the conducior, the insulation providing a partial discharge nception
voltage greater than approxumately 1,000 wvolts, a dielectric sirength greater than
approximately 10,000 volts, and the insulatinn capable of a continuous operating teroperature
>f approximately 220° C without degradation, the insulation comprising: at least one layer of
enamel formed directly around an ouater periphery of the conductor; and an extriuded
thermoplastic layer formed divectly around the enamel with substantially no bonding agen

the extruded layer comprising at least ome of polyetheretherketone (PEEK) or

polyaryletherketone (FAEK).
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{00114]  In ome example embodiment, (he conducior has an approximately rectangular
cross~section. In certain embodiments, the at least one layer of enamel coraprising at least
one of (i} polyimide, (n} polvamideimide, (i} smideimide, (iv) polvester, (v} polysulfone,
{v1} polyphenylenesuifone, or {vil} polysulfide. In one example embodiment, the at least one
fayer of emamel comprises a layer of amideinude and a layer of polymmide. In certain
erpbodimnents, the at least one layer of enamel has a thickness between approximately 0.001
inches (25pm} and approximately 0.01 inches {(2534pm). o other embodiments, the at least
one layer of enamel has a thickuess between approximately 0.003 inches {76um) and
approximately 0.005 inches (127uny).
{001¥5]  In certmn embodiments, a laver of semi-conductive material is formed between
the conductor and the at least one laver of enamel. In other embodiments, the at least one
fayer of enamel comprses a plarality of lavers of enamel and a base laver of enarmel
comprises a semi~conductive material,
{61i6]  Addwonally, in certan embodiments, the at feast one laver of enamel maintains
adhesion to the extruded thermoplastic layer when the wire is clongated by at least
approximately twenty-five percent and bent at least approximately ninety degrees around a
mandrel having a dlameter of approximately 4.0 mm.
WOET7] o certain enbodiments, the thermoplastic layer comprises polyaryletherketone
{(PAEK).  Additopally, 1 certain example embodiments, the thermoplastic layer has a
cm,ceﬁtricii‘y betoeen approximately 1.1 and approximoately 1.3, In other embodiments, the
thesmoplastic fayer has a concentricity betwesn approximately 1.1 and approximately 1.5, In
yet other embodiments, the thermoplastic layer has a concentricity that is less than
approximately 1.3, As desived m certain embodiments, the extruded thermoplastic laver has a
thickness between approximately 0.001 inches (25pm} and approximately .024 inche

{610um).

N

-

{08118]  In certawn embodiments, the usulation of the wire has a partial discharge inception
voltage greater than approximately 1,500 volts. In ope example embodiment, the total
thickness of the insulation 15 less than approximately 0.0094 inches (240um). In another
example embodiment, the total thickness of the ifusulation is between approximately 0.0037
imches (85um) and approximately 0.0094 inches {(240um).

[66119)  In one example embodiment, the wire is resistant to at least one of oil or

transnission thuid. In another example embodiment, the insulation is capable of a continuous

operating temperature of approximately 240° C without degradation. In vet another example
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embodiment, the insulation maintains its electrieal properties when the wire is bent ninety
degrees around a mandrel. In another example embodiment, the extruded thermoplastic layer
is vesistant to uliraviolet light damage during a partial discharge microburst event,

{201 Conditional 'fangﬂagc, such as, among others, “can,” “could

unless specifically stated otherwise, or otherwise understood within the vontext 25 nsed, is

generally intended to convey that certain embodiments could inchide, while other
cmbodiments do not inelade, certain featives, elements, andfor operations. Thus, such
conditional Eanguage is not genex‘aiiy mtended 1o imp’iy that features, elements, andior
embodiments nec es\dniy melade logic for deciding, with or without user input or prompiing,
whether these featares, elements, and/or oparations are incladed or are 1o be performed in any
particular embodiment.

{99121}  Many modifications and other embodiments of the disclosure set forth herein will
be apparent having the benefit of the teachings presentad in the foregoing descriptions and
the associated drawings. Therefore, it s to be understood that the disclosure is not to be

limited to the specific embodiments disclosed and that modifications and other embodiments

L‘}

are intended (o be included within the scope of the appended claims. Although specific terms

are employed herein, they ave used in & generic and descriptive sense only and not for

purposes of hmitation,
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CLAIMS

That which 1s clatmed:

i, An msulated winding wire comprising:
& conductor; and
insulation formed arcund the conductor, the insalation providing a partial discharge
inception voltage greater than approximately 1,000 volts, a dieleciric strength greater than
approximately 10,000 volts, and the jnsulation capable of a continuous operating teraperature
of approximately 2207 € without degradation, the insulation compsising:
at least one layer of enamel formed around an outer pertphery of the
conductor; and
an extraded thermoplastic laver formed around and directly on the enamel
with substantially no bonding agent and having a concentricity between
approxmmately 1.1 and approximately 1.5, the thermoplastic layer c.ompr;ising at least

ong of polyetheretherketone (PEEK) or polyaryletherketone (PAEK

2. The wire of Clasn 1, wherein the at least ong layer of enamel conprises at least one
of (i} pohnmude, (1) polyamideimide, (311} amideimide, (iv) polyester, (v} polvsulfone, {vi}

polyphenylenesalfoue, or {vii} polysulfide.

3 The wire of Claim 1, wherein the at least one layer of enarnel comprises 1 thickness

N

between approximately 0.001 snches (25pm) and approximately 0.01 wnehes {(234um),

h

4, The wire of Clatm 1, wherein the extruded thermoplastic layer comprises a thickness

between approximately .00 mohes (25wm) and approximately 0.024 inches {610um).

Pl

5. The wire of Claim 1, wherein the insulation has a pavtial discharge meeption voltage

greater than approximately 1,500 volts

6. The wire of Claim 1, wherein the total thickness of the insulation is less than

approximately (L0094 inches (2401}
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7. The wire of Claim 1, wherein the total thickness of the insulation is between

approximately 0.0033 inches (85um) and approximately 0.0094 inches {240um).

&, The wire of Claim 1, wherein the wire 18 resistant to at least one of oil or transmission
fhuid.
g,

The wire of Claim 1, wherein the jusulation is capable of a continuous operating

temperature of approximately 240° C withowt degradation.

16, The wire of Claim 1, wherein the insulation maintains {ts electrical properties when

the wire is bent ninety degrees around a mandrel.

LEr it

1
i

ey

The wire of Claim 1, wherein the extruded thermoplastic layer is resistant to

altraviolet Hight damage during a partial discharge microburst event,

12 The wire of Claim 1, wherein the conductor has an approximately rectangular cross-
section

A method for forming an insulated winding wire, the method comprising:

providing a conductor;

forming at least one base layer of polymeric material directly sround an outer
3 BOL; ¥

ot

seviphery of the conductor; and

extruding a thermoplastic layer around the base layer, the thermoplastic layer having a
concentricity between approximately §.1 and approximately 1.5, and the thermoplastic layer

comprising at least one of polyetheretherketone (PEEK) or polyaryletherkeions (PARK).

14 The method of Claim 13, wherein providing 8 condactor comprises forming rod stock

uto a conducior having a desired cross-section.

15, The method of Claim 13, wherein forming at least one layer base layer of polymeric

material comprises applytng at least one laver of enarsel onto the conductor,
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16, The method of Claim 18, wherein applying at least one layer of enamel conprises
applytng at loast cue layer of (1) polyinude, (if) polyamideimide, (i1} amideimide. (iv)

polyester, (v} polysulfone, (vi) polyphenylenesulfone, or {vii} polvsuifide

17, The method of Claim 13, wherein forming at feast one base layer of polymeric
material comprises wrapping a polyimide tape around the conducior, the tape comprisin g
fluorinated ethylene propylene (FEP) formed on both sides of the tape.
18, The method of Claim 13, further comprising;

controfling, prior to extruding the thermoplastic layer, a teraperatare of the conductor

and the at least one base layer to be at least 200° .

19, The method of Claim 13, wherein the forming and extruding are performed i a

tandem process,

20, The method of Claim 13, wherein extrading a thermoplastic laver comprises
W (g i

extruding a thermoplastic fayer directly on the at ieast one hase laver.

21 An msulated winding wire comprising:

a conductor; and

irsulation formed arcund the conductor, the insulation pmvidimg a partial discharge
wnception voltage greater than approximately 1,000 volts, a diclectric strength greater thar
approximately 10,000 volts, and the insulation capable of & continuous operating temperature

- -~

of approximately 220° C without degradation, the insulation comprising:
at least one base layer of polymeric material formed directly around an outer
petiphery of the conductor; and
an exiruded thermoplastic layer formed divectly on the base layer with
substantially no bonding agent and baving a concentricity of less than approximately
1.3, the extruded layer comprising at least one of polyetheretherketone (PEEK) or

polvarvietherketone (PAEK).

22, The wire of Clam 21, wherein the at least one base layer of polymeric material

comprises at least one layer of enamel.
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The wire of Claim 21, wherein the at least one base laver of polymeric material

comprises a polyiide tape with Huorinated ethylene propylene (FEP) formed on both sides

of the tape.

24.

An electrie machine comprising:
at least one winding of insulated wive, the josulated wire comprising:

a conductor; and

insulation formed around the conductor, the nsulation providing a partial
discharge inception voltage greater than approximately 1,000 voits, a dielectric
strength greater than approximately 10,000 volts, and the insulation cap&blc ofa
continuous operating temperature of approxtmately 220° C without degradation, {he
wsulation comprising;

at Jeast one layer of enamel formed divectly around an outer periphery of the
conductor; and

an extraded thenmoplastic layer formed divectly around the enamel with

substaniially no bonding agent, the extruded laver comprising at least one of

Neve

polyetherctherketone (PEEK]) or polyaryletherketone (PAEK).
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