wo 2017/173081 A1 | I 00 OO OO0 R A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/173081 A1l

5 October 2017 (05.10.2017) WIPOIPCT
(51) International Patent Classification: (72) Inventors; and
HOI1B 7/02 (2006.01) HO2K 3/04 (2006.01) (71) Applicants : KNERR, Allan, R. [US/US]; 6507 Sed-
HOI1B 3/18 (2006.01) HO2K 3/30 (2006.01) gemore Place, Fort Wayne, IN 46845 (US). CAIN, David,
HOI1B 7/00 (2006.01) HO2K 3/32 (2006.01) Marshall [US/US]; 104 Creedmore Lane, Easley, SC
HOI1B 13/14 (2006.01) 29642 (US).
(21) International Application Number: (74) Agent: WHITE, Rhett; 6120 Powers Ferry Rd., Suite 150,
PCT/US2017/025023 Atlanta, GA 30339 (US).
(22) International Filing Date: (81) Designated States (uniess otherwise indicated, for every
30 March 2017 (30.03.2017) kind of national protection available). AE, AG, AL, AM,
25) Filing L ) Enelish AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(25) Filing Language: nglis BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DI, DK, DM,
(26) Publication Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
L. HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
(30) Priority Data: KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
62/315,874 31 March 2016 (31.03.2016) UsS MD. ME. MG. MK, MN. MW. MX. MY. MZ. NA. NG
(71) Applicant: ESSEX GROUP, INC. [US/US]; 1601 Wall NIL NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,

Street, Fort Wayne, IN 46802 (US).

RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, M, ZW.

[Continued on next page]

(54) Title: INSULATED WINDING WIRE WITH CONFORMAL COATINGS

100

FiIG. 1

(57) Abstract: Insulated winding wires,
winding wire articles, and associated
formation methods are described. An in-
sulated winding wire may include a con-
ductor and insulation formed around the
conductor. In certain embodiments, the in-
sulation may include a first layer includ-
ing a first parylene material and a second
layer including a second parylene material
difterent from the first paralyene material,
in other embodiments, the insulation may
include one or more layers containing
parylene fonned over base insulation.



WO 2017/173081 A1 WK 00 00 O A

(84) Designated States (unless otherwise indicated, for every Declarations under Rule 4.17:
kind of regional protection available): ARIPO (BW, GH, __ . , .
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, Zsp ;Ote‘,’f;p(%‘l’:;s I%Zjemem to apply for and be granted
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, Published:
DK, EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2017/173081 PCT/US2017/025023

INSULATED WINDING WIRE WITH CONFORMAL COATINGS

CROSS-REFHRENCE TO RELATED APPLICATION

[GOGT] This application elaims priotity to U.S. Provisional Application No. 62/315,874,
fifed March 31, 2016 and entitted “Tosulated Winding Wire With a Conformal Coating,” the

~

contents of which is incorporated by reference herein in its entivety.

TECHNICAL FIELD

[H662] Embodiments of the disclosure relate generally 1o insulated winding wire and, more

particulasly, to winding wive incorpotating one or more conformal coating layers.

BACKGROUND

88031 Magnetic winding wire, also referved to as magnet wire, is used n a multitude of
devices that require the development of electrical and/or magnetic Helds to perform
clectromechanical work.  Examples of such devices inchude eleciric motors, generators,
transformers, actuator cotls, ete. Typically, magnet wire is constructed by applying electrical
nsulation o & metallic conductor, such a3 a copper, aluminum, or alloy conductor. The
electrical insulation i typically formed as a coating that provides for electricsl fitegrity and
prevents shorts in the magnet wire, Conventional insulations include polymeric enamel flros,

extruded thermaoplastic layers, polymeric tapes, and certain combinations thereof.

80041 The iosulation systern of & magnet wire can be damaged by a wide variety of
differsnt types of evenis during manufacture, transport, andior subsequen{ processing.
Additionally, certain sizes of magnet wire, such as wire larger than 15 AWG, tend to be stiff
and can be more easily damaged during manufacture andior processing, Fven minor damage
to the insulation, such as a pinhole in one or more layers of insulation, may result iy g fault site

that reduces the performance of the wive, Partial discharge can cecur at a localized faull site
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and typically beging within voids, cracks, or inclusions within a solid diglectric; howsyver, it
can also occur along surfaces of an insulation materiall  Once begun, partial discharge

progressively deteriorates an insalation material and ultmately leads to eleetrical breakdown.

[OO65]  Additonally, when magpet wire s formed into shaped articles or incorporated indo
an assembly, such as an electric mutor, starter-gensrator, ete., the wire is ofien bent and/or
twisted, This manipolation may resolt in the generation of fault sites within the niagnet wire,
The risk of fault site formation may be increased with larger sizes of magnet wire that tend to
be relatively stiffer. Moreover, in certain applications, magnet wire may be eut into sections,
and cach section may be worked or formed into a desirable shape for insertion into an agsembly.
For example, sections of magnet wire may be formed into hairpins that are ncorporated into a
moter assernbly. When cut, the underlying conductor is exposed, thereby subjecting the wire
to an increased risk of fault sites developing. Accordingly, thereis an apportasuty for improved
winding wires or magnet wites incorporating conformal coatings that provide additional

diclestric protection for imperfections, fault sites, and/or exposed conductor portiona.

{0806]  Further, vecent developments n certain applications have led to a demand for
magnet wire designs with improved elecitical properties, such as increased dieleciric strength
aml/or increased partial discharge inception voltage (“PDHV”). The dielectric sitenigth of a
material generally refers to the maximum applied electric field that the material can withstand
without breaking down. The PDIV generally refers to the voltage at which efectrical discharges
that do not completely bridge the insalation between electrodes or conductors start to coenr.
There s also an eressed demand for magnet wire {o function in higher ieraperature
applications and/or envirouments. For certain applications, sech as vehicle applications, it may
also be desivable for magnet wire {0 be resistant to hydrocarbon oil, other cheinicals, andlor
moisture. Forexample, in some motor applications, magnet wive is at least partially submerged
in yanspussion floid.  This transmission floid can break down traditional magnet wire

isulation materials, such as enamel insulations.

{08077  Adduionally, in many applications, it is desirable o limit or minimize overall
insulation thickness in arder to pernit a higher amount of magnet wirs to be packed or formed
into an electrical device coil or formed into a grester mumber of components for meorporation
into an assembly. The performance of ay electrical device is strongly correlated to an amowmt

of magnet wire that can be placed into an availgble core slot area. Reducing the thickness of

faes



WO 2017/173081 PCT/US2017/025023

magnet wire insulation may permit higher power output and/or ncreased parformance,
Accordingly, there is an opportanity for improved magnet wire baving desired electrical

proparties with Hmited increases or even decreases to overall insulation thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

{0008  The detailed deseription is set forth with reference to the accompanying figures. In

e figures, the left-most digif{s) of a reference number identifies the figure in which the
reference number first appears. The use of the same reference numbers in different figures
mdicates similar or identical items; however, various embodiments mayuiilize slements abd/or
compongnts other than those Hustrated in the figures. Additionally, the drawings are provided
to illustrate example embodiments described herein and are not intended to Hmit the scope of

the disclosure,

HRELTRH] FIG. 1 is a perspective view of an example magnet wire that includes at least ong

or more conformal layers, according to an illustrative embodiment of the diselosure.

FORIH FIGS, 2A-2D are cross-sectional views of exaraple magnet wire constructions that

nclude one or more confurmal layers, according to Hustrative enbodiments of the disclosure,

831} FIGS. 3A-3F illustrate example cross-sectional shapes that may be utilized for

magnet wire in accordance with various illustrative embodiments of the disclosure,

0812]  FIG 4 illustrates a flow chart of an exampls method for formiing magnet wire that
includes one or more conformal layers in accordance with an illustrative embodiment of the

disclosure.

0613 FIG. § iHlustrates 4 flow chart of an example wmethad for forming a magnet wire
P g £

article in accowdance with an illusteative embodiment of the disclosure,

{8014} FIG, 6 illustrates a flow chart of an example method for forming an electric machine

or other assembly in accordance with an illustrative enbodiment of the disclosure,
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DETATLED DESCRIPTION

{8033} Various embodiments of the present disclosure are directed to insulated winding
wires, magnetic winding wires, and/or magaet wites (hereinafier referred to as © nagnat wire™)
that include conformal coatings. Other embodiments are directed to various magnel wire
articles and/or assemblies that include conformal coatings. Conformal coatings, such ag a
coating that contains parylene, may assist in eliminating pinhole defects in magnet wire, For
example, defects in underlying insulation {Le, an underlying enamel layer, ete.) may be
covered by one or more conformal lavers thereby reducing the Hkelibood of insulation
breakdown. I certain embodiments, conformal coating{s) may also provide mproved
clectrical properties relative 10 conventional magnet wite insulation, For example, a parylene
coating may provide for insulation with a relatively higher breakdown valtage or dielectric
strength, arelatively higher partial discharge elecirical voltage {PDIV”), anddor improved high
temperature resistance.  Certamn conformal coatings, such as parylene coatings, may also
provide insulation baving a lower dielectric constant, improved tubricity, and/or reduced

moisture absorption relative to convention magnet wire insulation.

HEHN: Embodiments of the disclosere now will be described more fully bereinafter with
reference to the accompanying drawings, in which certain embodiments of the disclosure are
shown, This invention may, however, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein; rather, these embodiments sre

provided so that this disclosure will be thorough and complete, and will fully convey the seope

of the mvention to those skilled in the art, Like rumbers refer to Hke elements throughout.

0017} With reference to FIG. 1, a perspective view of an example magnet wirg 100 is
ilustrated 1o socordance with an embodiment of the disclosure. The magnet wire 100 may
include a central conductor 103, any nunber of base lavers of tnsulation 110 formed sround
the central conductor 165, and one or mere conformal fayers 1154, 115B, such a5 one or more
parylene-containing layers, formed as top coats or ontermost layers. As destred, the base
insulation 110 may include any nurber of sublayers, such as the three sublayers 120A-C
illustrated in FIG. 1. Each of the layers or components of the magnet wire will now b

deseribed i greater detadl.
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[00I8]  The conductor 105 may be formed from a wide variety of suitable materials or
combinations of materials. For example, the conductor 105 may be formed from copper,
aluminum, anncaled copper, oxvgen-free copper, sifver-plated copper, nickel plated copper,
copper clad aluminem ("CCA™), dilver, gold, a conduciive alloy, a bimetal, or any other
suitable electrically vonductive material. Additionally, the conductor 105 may he formed with
any suitabie dimensions and/or cross-sectional shapes. As shows, the conductor 105 may have
an approyimately rectangular crosssectionsl shape. However, as explamned in preater detail
below with reference to FIGS. 3A-3F, the conductor 109 may be formed with a wide varety
of ather cross-sectional shapes, such as a rectangular shape (1.0, a rectangle with sharp rather
than rounded comers), a square shape; an approximately square shape, a circular shape, an

elliptical or oval shape, elc. Additionally, as desired, the conductor 105 may have corners that

ave rounded, sharp, smoathed, curved, angled, truncated, or otherwise forvied.

UL In addition, the conductor 105 may be formed with any suitable dimensions. For
exanple, a rectangular conductor may have longer sides beiwesn approximately 0.020 inches
{308um) and approximately 0.750 inches (19050um} and the shorter sides betwesn
approxupately 0.020 tnohes (508um) and approximately 0.400 inches (101 60pm). Anexample
square conductor may have sides between approximately (.020 inches {508um) and
approcimately (.500 inches ’7’%Gpm} An example round conductor may have s diameter
between spproximatety 0.010 inches (254pm1) and approxinatel; ¥ 0.500 inches (12700um).
Other suttable dimensions may be utifized as desired, and the described dimensions are
provided by way of example only. Additionally, in certain embodiments, the conductor 165
may have a cross-sectional area larger than approximately 18 AWG or its equivalent for non-
round conductors. Accordingly, a round conductor may bave a diamster greater than or equal
to approximately 0.0403 inches or approximately 1.024 mm ( 10244} and/or & cross-sectional
ares greater than or cgual to approximately 1.62 kemil or approximately 0.823 mm?,
Conductors with other cross-sectional shapes {e.g., reclangalar conductors, ete, } may include
crogs-sectional areas greater than or equal to approximately 1.62 kenl or approxunately 8.823
oun?®, The dimensions of these conductors {e.g., length, widdy, it} may be sived to provide a

desirable cross-sectional area.

8299 A wide vartety of sullable methods andlor techniques may be wtilized to form,

produce, or otherwise provide & conductor 105, In certain embodiments, a conductor 105 may
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be formed by drawing an input material {e.g., 3 larger conductor, rod stock, ete.} with one or
more dies in order fo reduce the size of the input matedial to desived dimensions. As desired,
one or more fatteners and/or rollers way be wsed to wodify the vross-sectional shape of the
input material hetbre and/or after drawing the input material throu gh any of the dies. In certain
embodiments, the conductor 108 may be formed in tandem with the applicatton of a portion or
all of the msulation system. In other words, conductor formation and application of insulation
material may be conducted in tandem. In other embodinents, 2 conductor 105 with desired
dimensions may be preformed or obtained from an external source. insulation material may

then be applied or otherwise formed on the conductor 108,

0621} FIG, 1 illastrates a magnet wire 100 that includesbase insulstion 110 formed around
a conductor 105 priov o the apphication of one or more layers 1154, 1158 coptaining paryiene,
In other embodiments, one or more layers containing parylene roay be formed directly around
a conductor. FIG, 2A illustrates an example magnet wire 200 in which one or mere layers
containing parylene are formed around a conductor 202 without any base insulation. For
example, a first fayer 204 containing a first paryiene material is formed around the conductor
202, Asecond layer 206 containing a second parylene material different than the first paryiens
malerial is then formed around the first layer 204, An optional layer 203, such as an adhesive
fayer, may be positioned between the two layers 204, 206 containing paryiens. Similarty, an
adhesive layer may optionally be positioned between the conductor 202 and the first tayer 204,

Any number of suitable layers containing parylene may be formed as desired.

19923 In cmbodiments that include base insulation 110, the base msulation 110 may
include one or more suitable layers of insulating, dielsctric, andVor semi-conductive materials,
in the event that the base inmulation 110 includes s plurality of sublayers, any number of
sublayers may bewlilized. In certain cmbodiments, the sablayers may be formed from the same
materials or corobinations of materials, For example, sublayers may be formed as a plarality
of enamel layers, and each enamel layer may be formed from the same polymeric material. In
other embodiments, at feast two of the sublayers may be formed From different materials. For
example, different enamel layers may be formed from different polymeric materials, Ag
another example, one or more subilayers may be formed from enamel while another sublayver ig
formed from an extraded thermoplastic material, A few example magnet wives with different

base nsulation configurations are illustrated in FIGS. 2B-2F and discussed below.
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0923]  Incertain embodiments, the base insulation 110 may inchude sne or more layers of
enamel. For example, FIG. 28 illustates an example magnet wire 210 in which eramel 214 45
used as base insulation formed on a conductor 212, and then one or niore layers 216, 218
containing parylens are formed over the enamel 214, An enamel layer is typically formed by
applymg a polymeric varnish 1o the conductor 105 and then baking the conductor 105 in a
suitable enameling oven or firnace. As desired, 2 plurality of layers of enamel may be applied
to the conductor 108 in order to achieve a desired enamel thickness or build, Additionally,
cach layer of cnamel and/or a total enamel build may have any desired thickngss, such as a
thickness of approximately 0.001, 0.002, 0.003, 0.004, 0.005, 0,006, §.007, 0.008, 0.009, 0.010
inches, thicknesses included in a range between any two of the aforementioned values, andlor
thickness incleded in a range bounded on either a mininium or maximum end by one of the

aforementioned valuses,

[0024] A wide variety of diffevent types of polymeric materials may be utilized as desired
to form an enamel layer. Examples of suitable matenials melude, but are not limited 10,
polyimide, polyamideimide, amideimide, polyester, polvesterimide, polysulfone,
polyphenylenesulfons, polysulfide, polyphenylenesulfide, polyetherimide, polvamide, ete. In
certain embodiments, enamel niaterials having relatively low dielectric constants “g”, such as
diclectric constants below approximately 3.5 at approximately 25° C, may be utilized in order
to tmprove electrical performance. As desired, commel materials may be selected to have g
suitable National Electrical Manufacturers Association {'NEMA™) thermal class or rating, such
as a ating of A B, F, B, N, R, 5, or higher. Higher temperature enamel materials may having
a NEMA thermal class vating of R, S, or highet.  Additionally, in certain embodiments, an
enamel laver may be formed as a4 mixtwre of two or more materials, Further, in cergin )
embodiments, differeént enamel layers may be formed from the same material{s) or fom
different materials. Forexample, a first enamel taver may be formed froma polyimide material

and a second enamel layer may be formed from a polyamideimide material.

166251 In certain embodiments, one or more suitable filler materials and/or additives may
be incorporated inte an enamel layer. Examples of suitable filler materials inchide, but are not
limtited to, inorganic materials such as metals, transition metals, lanthanides, actinides, raetal
oxides, and/or hydrated oxides of suitable materials such as aluminum, $in, horon, germaniur,

gallivm, lead, silicon, titanium, zine, yirium, vapadive, zirconium, nickel, ete.; suitable
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orgamic materials sueh as polyaniline, polyacetylene, pol yphenylene, polypyrrole, other
electrically conductive particles; and/or any suitable combination of materials. The filler
matertal(s) nay enhance the corona resistance of the cnamel andfor e overall nsulation

sysiemy. In cerlaim embodiments, the filler material {s) may also enhance one or more therma

Loty

properties of the ensmel and/or overall insulation system, such as temperature resistance, out-
through resistance, and/or heat shock. The particles of a filler material may have any suttable
dimensions, such as any suitable diameters, In cerfain emabodirnents, a filler material may
inchude nanoparticles. Further, any suitable blend or mixture ratio botween Biler material god

enamel base material may bewiilized.

{06261 1o certain embodiments, the base insulation 110 may inchude ane or niore suitable
wraps of tapes, such as & polymeric tape. As desired, additional materials or additives may ba
meorporated into, embedded into, or adhered to a tape. A tape may include a wide variety of
suttable dimensions, such as any suitable thickness and/or widih. Additionally, a tape may be
wrapped around the conductor 105 at an angle along a longitudinal direction or length of the

concucior,

10627} I other embodiments, the bass insalation 110 may include one or more layers of
extnuded material. As-desived, extruded layer(s) may bc—: formed directly on the conductor 105
ar, alternatively, over one or more wnderlying lavers {e.z, one or more esamel tayersy, FIG.
2C itlustrates an exanple magnet wire 220 in which an extruded fayer 224 is formed on 3
conductor 2272, and then one or more layers 226, 228 containing parylence are formed over the
extruded layer 224, FIG. 2D fllustrates an example magnet wire 230 in which one o More

ramel layers 234 are formed around a conductor 232, and then one or more extruded layers
235 are formed around the coamel layer(s) 234, One or more fayers 238, 239 containing

parylene may then be formed around the extruded layer(s) 236,

{0628  In ceriain embodiments, an extraded layer may be formed from a suitable
thermoplastic vesin. A wide variety of suitable materials may be meorporated into a vesin or
into a plurality of resins that are wtilized o for extmuded lavers. Examples of suitable
materials inchade, butare not fimited to, polvether-ether-ketone (“PEEK™, L polvaryletherketone
("PAEK”). polyetheretherketoncketone (“PEEKK™), polyetherketoncketone (“PEKK"™),
polyetherketone ("PEKY), polvethetketoncketoneetherketone {"PEKKEK™, polyketone

{"PK"), any other suifable material that includes at least one ketone group, thermoplastic

o3
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polvimide (“PI"), aromate polyamide, aromatic polyester, polyphenyiene solfide (“PPS™.

materials that combine one or more flucropolyvmers with base materials {e.g., materials that
I,

include at least one ketone group, etc.), any suitable thermoplastic material, ete. In certain
embodiments, a single extruded layer 'may be formed. In other embodiments, & phrality of
extruded layees may be formed. If a plarality of layers is utilized, the extruded layers may be
formed from the same material or, altematively, at least two layers may be formed from

different smaterials,

{8029] Anextruded layer may be formed with any switable thickness as desired in various
embodiments, For cxample, an extruded layer may be formed with a thickness of
approximately 0.001, (.002, 4.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009, 0.010, €.012,
015, 0.017, 0.020, 0.022, or (.024 inches, 3 thickness included in a range between any two
of the aforementioned values, or a thickness included in a range bounded on sither a minimum
or maximum end by one of the aforementioned valiez, In certain erabodiments, an extruded
fayer may be formed divectly on the conductor 165 or an anderlying layer (e.g., an enamel
layer, ete:). For example, the tempersture of the magnet wire 100 may be controlled prior o
the application of an extruded layer to eliminate the need for an adhesive fayer. In other
embodiments, one or more suitable bonding agents, adhesion promoters, or adhesive layers
may be incorporated between the extruded fayer and an underlying compounent or layer.
Additionally, in certain embodiments, the extruded layer 115 may be formed to have a cross-
sectional shape similar to that of the undertying conductor 105 and/or any vnderlying sulation
layers. In other embodiments, an extruded layer may be formed with a cross-sectional shape
that vaties from that of the underlying conductor 105. As one norelimiting example, the
conductor 108 miay be formed wi h an elliptical cross-sectional shape while an extruded tayer

is formed with an approximately rectangular cross-sectional shape.

{0034] In certain embodiments, one or more semi-conductive layers may be incorporated
mto the magnet wire 100, For example, one or more semi-conductive tayers may be formed
on the conductor 105 and oy incorporated into the base insulation 11, As yet another example,
one or more semi-conductive layers may be formed on top of the base insulation 110, FIG. 78
dhustrates an example magnet wire 240 in which a semi-conductive tayer 244 is formed around

a conductor 242, Base insulation 246 {e.g., ong or more enamel layers, one or more extraded
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fayers, ete.) is fommed on the semi-conductive laver 244, and onie or more tayers 248, 250

containing parylene sre formed on the base tnselation 246,

031 A semi-conductive layer may have a conductivity between that of a conductor and
that of an insulator. Typically, a semi-conductive layer has a volume conductivity {6} between
approximately 10 Siemens per centimeter (S ooy and approximately 10° Slom at
approximately 20 dogrees Celsius ("C). A semi-conductive layer may be formed from a wide
variely of suitable materials and/or combinations of materisls. For example, one or maore
suitable semi-conductive enamels, extraded semi-conductive materials, sersi-conductive tapes,
and/or semi-conductive wraps may be utilized. In certain embodiments . & semi~conductive
tyer may be formed from a material that combines one or more suitable filler materials with
one or mare base materials. For example, semi-conductive andfor conductive filler materigl
may be combined with one or more base materials, Examples of suiiable filler materials
include, but are not limited 10, suitable inorganic materials sueh as metallic materials sud/or
metal oxides {e.g., zing, copper, aluminwsn, nickel, tin oxide, chromium, potassium {itanate,

ele.), andior carbon black; suitable organic materials such as polyaniline, polyacetylene,
polyphenviene, polvpyvrrole, other electrically conductive particles; andior any suitable
combination of materials. The particles of the filler material sy have any suitable dimensions,
such as any suitable diameters. o certain embodiments, the filler material may inchude
nanopariicles.  Examples of suitable base materials may include, but are not Hmited o,
polyimide,  polyamideimide, amideimide, polyester, polyestedimide,  polysubione,
polyphenylenesulfone, polysulfide, polyphenylenssulfide, palyetherimide, polyamide, or any
other suitably stable high temperature thermoplastic or other material, Hurther, any suitable

blend or mixtare vatio between filler materisl and base material may be utilized.

0032 Additionally, a semi-conductive layer may have any suitable thickness. For
example, one or more semi-conductive layers may bave thicknesses similar to those discussed
above for enamel Iayers. o certain embodiments, one or more semi-conductive layers may be
formed @ similar wanner as an coamel layer. For example, 3 varnish meluding semi-
conductive material may be applied, and the varnish may be heated § by one or mere suifable
heating devices, such a3 an enameling oven. In other embodiments, one or more semi-
conductive fayers may be extruded, As a result of incorparating one or mote semi-conductive

tayers into the magnet wire 100, non-uniform electric, magnetic, and/or electroms ignetic fields

16
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{heremalter collectively reférred to as electric frelds) may be equalized or “smoothed out”,
hereby reducing local stress in the insulation and impmviug elecirieal performance. In other
words, one or more semi-conductive layers may assist in cqualizing voliage strosses in the
insulation and/or dissipating covona discharges at or near the conductor 105 andlor at of near a

surface of the magnet wire 100.

{0033 As desired in various embodiments, any contbination of lgyers and/or materials may
be utilized o form the base insulation 110, For example, fhe base nsulation 110 may inciude
any suitable combination of enamel, extruded, tape, semi-conductive, andior other tayers.
Additionally, the base insulation 114 (and/or any sublayers) may be formed with any desirved
concentricity, which 18 the ratio of the thickness of 1 layer to the thimmess of the ayer af any
gtven cross-sectional along a longitudinal length of the magnet wire 100, In corlain
embodiments the base insulation 110 and/or any sublayer may be formed with a concentricity
less than or squal to approximately 1L, 1.2, 1.3, 14, 1.5, or any other suitable value,
Additionally, regardiess of the number of sublayers incorporated into the base insulation 114,
the base insulation 110 may have any desired overall thickness. As desired, the base insulation
110 may be formed from one or more layers that have any number of desirable properies, such
as desired PRIV, dielectric strength, dkiedn\, constant, and/or thermal rating values. For

example, the base insulation 110 may have a thermal rating of 180° ¢, 2 0" G, 2207 €, 2407 C

or higher.

&y

TR With continued veference to FIGS. 1 and 2428, according to an aspect of the
diselosure, one or more conformal layers may be formed as outermost tayers of a magnet wire,
For example, with reference o FIG. |, one or more fayers 115A, 11SR containing parylene
may be formed sround the coaductor 105, As desired, the conformal layer{s) may be formed
on a conductor or on base insulation.  Additionally, an adhesion promotor may optionally be
apptied to an noderlying layer {¢.5.. 8 conductor, base insulation, ete yprior to the formation of

a conformal layer. In certain embodiments, a single conformal layer may be formed. In other

embodioents, tvo or more conformal layers may be formed.  Fach conformal coating
(generally referred to as coating 115) may consist of a relatively thin polymeric film that
conforms to the contours of an underlying winding or magnet wire, article formed from &
magnet wire, or an appliange 1 meorporating a magnet wire, Additionally, g conforreal coati ng

115 may be applied utilizing a wide variety of techniques. For example, a conformal coating
¥ ple, 12

1§
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115 may be applied via one or more sultable chemical vapor deposition techniques. In other
embodiments, 2 conformal coating 118 may he applied via brushing, dipping, spraying, and/or
other suitable methods. Certain ombodiments of the disclosure described herein discuss
conformal ceatings that inclade parylene. Howsver, other suitsble materials andior

combinations of materials may be utitized to form and/or ineorporated into conformal coatings,

Tt

3

Examples of suitable materials tnclude, but are not limited to. one oy mere ac rylic materials,

one or more epoxy matenials, polyurethane, silicones, polyimides, fluoropolymers, ete.

9638]  Ib the event that a conforal coating 115 inchudes a parylene material, a wide

=

variety of different types of parylene may be utilized as desived in various embodiments of the
disclosure. In general, a parylene material §s a poly(p-xylylene) polymer that may be f@zimd
from a suitsble dimer {e.g,, syclophane dimers, ete.). Examples of parylene {with example
Chemical Abstracts Service or “CAS” identifiers) include, but are not Himited 1o, parylene N
(e.g.. CAS 25722-33-2 formed from dimer 1633-22-3), parylene © {e.z., CAS B052-19.2
formed from dimer 10366-05-9, CAS 28804-46-8, ete.), paryiene D (2.5, CAS §2261-45.7
formaed from dimer 30501-29-2), paryl ene HT or parylene AF-4 {e.g., CAS 3345-29-7 formed
from dimer 3345-29-7, ete.), parylene F {e.g., CAS 1785-64-4 formed from dimer 1785-64-
4), parylene A, parylene AM, parylene H, parylene SR, parviene HR, parylene NR, parylene
CF, andlor parylene SF. In certain embodiments, the parylene materials utifized gy be
commercially avatlable products manufactured and roarketed by Specinlty Coating Systems,
Inc., which is based in Indizvapolis, Indiana. In other embx adiments, the parviene matevials
may be conumercially available products manufactured and warketed by KISCO Conformal
Coatings, LLC, which is 2 multinational company headquartered in Japan. Specialty Coating

¥

Systems offers parylene N, parylene C, parylene D, and paryiene HT products. Parylene N,
also referred to as poly{para-xylylene), is a completely Huear, highly erystalline material,
Parylene U may be produced from the same raw material (e.g., dimer) as parylena N, modified
by the substitution of a chilorine atorm for one of the aromatic hydrogens. Parylene D may also
be produced from the sanie vaw material as parylene N, modified by the substitution of chlorine
atoms for two of the aromatic hydrogens. In parylenc HT and/or paryiene AP, the 4 alpha
hydrogen atoms of the parylene N dimer may be replaced with fluoris e. Parylene HT may be
particufarty useldl in high iempemmre applications {c.g.,, applications with shert term
temperatures Up to 4507 O} andfor applications fn which relativ ely long-term UV stability

required. Additionally, parylens HT may have the lowest coefficient of friction and dielectric
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constant of the deseribed variants. In parylene F, flaorine may be inchided on 2 ring. Other
types snd/or variants of parylene may be utilized as desired. A few of the propertics of several

different parviene variants are ilusirated in Table 1 below:

Parylene N

Parvlene €

P&ryi&nv B

Parylene HT

(np*Y)

“Meiting Point (09 420 290 380 =500
Continuous Service .

i 60 2 i
Temperature () B 0 100 330
Short-term Service “ .

0 § y e
Temperature ("C} 80 100 120 450
Linear Coefficient of
Thermal Expansion at 69 35 38 36
25°C {ppm)
Thermal Conductivity at : )

Ay e T N - { 2 ‘. &+ E
25°C (WAmK)) ).126 0.084 0.096
Young’'s Modulas (psi} 350.00¢ 400,000 380,000 370,000
Tenstle Strength (psi) 7,000 10,000 11,000 7500
Vield Strength (psi) 6,100 TR000 S000 5.000
E'icmgatioﬁ&o Break (%) { Upto 250 Up to 200 Up ta 200 Upio 200 B
Yield Elongation (ve) 25 2.9 30 20
Density (glem’) 1.10-1.12 1.24% 1.418 1.32
Tndex of Refrachion - -
index of Refraction 1661 1639 6o | 550

Water Absorption (%
34 3

Lessthan 0.4

f.e85 than 0.1

Laess than 0.01

after 24 hws) 0.1
Rockwell Hardness RES REO R8O R122
Static Coetficient of

- 28 (.24 21 2
Fyieron 0. 128 8.33 015
Dynamic Coeflicient of 3

S .25 3. 33 3
Friction ! 6.29 .31 0.13
Dielectric Constant — 265 18 N
§0Hz A5 2.21
Bislectric Constant — 1

‘ ¥ 1
1Kz £.65 3.10 220
Thelectric Constant - N
: 2.95 31

1Mz .65 2.95 217

Table L: Parylene Propertics
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{063s] KISCG offers parylene products in several different vari teties, meluding parviene
C, parylene D, parylene N, parylene A, parylene AM, parylene H, parviene SR, paryiens HE,
parylene NR, parylene OF, andfor parylene SF. Any of these different materials may beutilized

i vartous embodiments of the disclosure.

{8371 In cortain embodiments, a phaality of layers 1154, 1158 containing parylene may
be utilized.  As desired, a plurality of parylene-containing layers may be formed as the sole
msulation on a conductor or, alternatively, o plurality of parvie cne-containing layers may be
utibized in conjunction with one or more other insulating lavers (¢ ¢., enamel layer{s}, extruded
thermoplastic fayers, ete.). For example, a plurality of parylene-containing layers 1154, 1158
may be formed over base insulation 110, Additionally, i certain cabodiments, a first
parylong-containing fayer 115A may include a first parviene materdal while a second parylene-
containing layer 1158 includes a sccond parviens muaterin] different than the first parylene
material.  For example, the St parylene-containing laver 1154 may include one of the
parylene materials for a fisst combination of materials) described above while the second
parylene-comtaining layer 115A inchudes a different one of the parylene materia is {or a different
combination of materials) described above. In other embodiments, more than twe layers of

parviene may be utilized,

[6038] In cenain embodiments, a second parylens layer 1158 may be fonned directly on
the first parylene layer 115A. For example, a fayer of parvlens N or parylene C may be
overcoated with o layer of parylene HT or parylene AF-4. In other embodiments, one or more
mtervening layers may be positioned between the fwo layers of parylene. For example, an
adhesive layer or layer containing one or more adhesion promotors may be positioned between
the two layers 1134, 1158 containing parylene. FIG. 2A illustrates an example magnet wire
that includes an itervening layer 205 positioned between the two parylene layers 204, 206, A
wide variety of suitable adhesion prometors andfor coupling agents may be utilized as desired
i various embodiments including, but not limited to, rmoaterials that contain silane,
organostiane, chior silanes, methoxy silanes, ethoxy silanes, amino silancs, secondary amiao
silanes, oligomeric dismino stanes, ctc. For example, an A-174 silane material {CAS 2530~
83-0} or a similer material may be utilized. A few non-Hmiting examples of commercially

STk
i

available adhesion promoters include: Dyuasylan® AMEO, Dynasylan® 1148, Dynasylan®

1124, TEGO® VariPlus, and TEGO AddBond munufactared and sold by the Evonik Degussa
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Corporation; BYK-4510 manufactured and sold by Altana AG: AdPro Plus and AdPro Poly

manufactured and sold by Specialty Coating Systems, Inc., ete.

JO0H3%} In certain embodiments, an adhesion promoier may be based on a silane material
having hydrolysable groups on one end of the molecules and reactive novhydrolyzable groups
on the other end of the molecules. The hydeofysable groups may react with moisture 1o vield
silanol groups, which fn turn may react with or adsorh inorganic suefuces o enable sir ong

bonds. The nonhydmlyzble groups may be compatible with resin formuslations,

{00481 A parylene layer 115 may be formed with 2 wide variety of suitable thicknesses. Tn
varicus embodiments, a parylens layer 115 may have a thickness as thin as approximately
several bundred angstroms 10 as thick as approximatel ely 75 pra. In cortain embodiments, a
paryiene layer 115 may be formed with a thickness between approximately one micron {1 pm)
and approximately 40 pm. In various embodiments, a parylenc layer may have a thickness of
approximately 9.5 um, approgimately 1 um, approximately 2 um, approximately 3 um,
approximately 4y, approximately 5 pm, approximately 6 wm, approximately 7 um,
approxunately 8 wm, approximately 9 pm, approxmately 10 um, approximately 11 pm,
approxumately 12 pm, approximately 13 pm, approximately 14 v, approximately 18 um,
approximately 20 pm , approximately 25 ym, approximately 30 pm, approximately 35 pm,
approximately 40 pm, approximately 50 um, approxi mately 60 pi, any value inchided in a
range between two of the above values, or any value included in a rangs bounded on eithe
minimam of maxionen end by one of the above values. Fusiher, the thickness of a parylene
fayer 115 may refor to the thickness on one surface of a magnet wire or other coated article,
With a parylene fayer 115 formed around a magnet wire, the total *“build” of the parylene will
be approdimately two times that of the thickness at a swrface. Addstionaily, in certan
embodiments, a plurghity of parviene layers may be formed with substantiably sirotlar or
approximately equal thicknesses. in other embodiments, at least two parylene lavers may be

formed with different thicknesses,

{08411 A wide variety of suitable methods and/or techuiques may be utilized as desired in
arder to torm a parvlene-containing layver 115, For example, parylene may be applied via a
vacuum deposition process, As no stable Hguid phase of parylens has been isolated, parviene
may be applied in its vapor or gascous state via & deposition process, Agcordingly, parylene

v

does not suffer from any fuid effects that can cause pooling, Howing, bridging, meniscus,
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and/or edge-etfect flaws, Parylene may also be velatively free of solvents, catalysts, and/or
plastictzers.  In one exarple embodiments, a solid dimer of 2 parylene material may be
vaporized. A quantitative cleavage or pyvolysis of te dimer Vapor at the wo methylene-
methyiene bonds may be performed n order © yield a stable monomeric vapor. The
wmonemeric vapor may then be provided into a deposition chaniber where it polymerizes ot a
magnet wire, preformed magnet wire article, or appliance incor porating magnet wire. In
cerlain emboduments, the parylene may be permitted to polymerize at approximately room
temperature. A desired thickness of parylene may be obtained based on an amount of Gme fhat

he magnet wire 100 or other substrate rematns in the chamber, The parylene will deposit

and/or polymerize in a conformal manner,

{8042 As desired in various embodiments, one or more parylene-containing layers 115A s
1158 may be formed at a wide vaniety of different steps during the manufacture of magnet wire
100 oy the ncorporation of maghet wire inte an appliance. o centmin embodimenis, one or
more parylene-containing layers 1154, 1158 may be formed around a magnet wire, such ag
magnet wire 100, The magnet wire 100 may then be provided downstream for fusther
processing. In other embodiments, onw or more parylens -containing layers 1154, 1158 may
be applied to a preformed winding wire or magnet wire article, such as a preformed coil of
wire, & preformed hairpin, a waveforny, or other section of shaped wire, For example, a magnet
wire 100 may be formed into hairpins (e.g., approximasely 1J -shaped hairpins, hairpins having
refatively sharp or unsmooth bends, hairpins having bends of approximately ninety degrees or
mare, ¢fc.) or other desived shapes prior to incorporation into a rotating electric machine {e.g.,
motor, generator, statter, alternator, e}, Thuring the forming anddor processig of the magnet
wire 100, the wire 100 may he cut andior bent, theveby resulting in insidation faults and/or
osed portions of the conductor, In certain embodiments, the application of one or more
paryiene layers may be conducted in a batch process. For example, one of more preformed
magnet wire articles may be formed, and at least one parvlene » coating may be formed on the
articles prior to the articles being inserted info rotating electric machines or oiher apphiances,
The application of one or more parylene layers may resalt in a conformal coatin g that veduces
and/or oliminates nsulation faults, thereby tmproving electrical performance. The parviens

layer{s) may also provide for resistance to various oils and/or chernical substances.
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j0843]  In yet other embodiments, magnet wire 100 and/or magnet wire anticles (eg.,
preformed hairpins, ete.) may be incorporated into an electrioal appliance. Examples of
suitable elentrical apphances tnclude, but are not limited 10, motors, generators, altermators,
starter-generators, rotating electric machines, etc. For example, magnet wire hairpins may be
inserted into associated slots within an appliance. Once inserted or ctherwise incorporated,
one or more layers containing parylence may be formed on the appliance or assembly. The
parylene-containing layer(s) may function as an overcoat or varnish that improves electrical
performance.  For example, the parylene-containing layer(s) may reduce insulation faults
and/or exposed conductor portions. The conformat coatings may assist in insulating the magnet
wire 100 or magnet wire articles from contaminants. In certain embodiments, the paryviene-
containing layers may additionally assist in secoring the magnet wire and/or magnet wire
articles within the appliances {g.g.. within motor slots, ete ), Further, in certain smbodiments,
the application of one or more parylene-containing layvers may eliminate the conventional steps
or process of applyving a relatively messy vamish o the appliance. The elimination of this
varaish application may reduce the amount of snergy requited in appliance assembly,
Additionally, the elimination of the varnish application may reduce the use of relatively volatile

chiemicals that may pose environmental and health fsks.

{0441 In certain embodiments, magnet wire 100, magnet wire articles, appliances, and/or
other substraies (e.g.. a conductor, base insulation, ete.} on which one or more parviene-
containing layers are formed may be treated with tne or more suitable adhesion promoting
agents prior fo the formation of ong or more parylene-containing layers, A wide variety of
suitable adhesion promotors may be utilized as desired in various embodiments, such as any of

the example adhesion promotors discussed above.

0045} As a result of forming one or more parylene-containing layers 1154, 1158 on

&

1

magnet wire 100, magnet wire articles, and/or appliances comtainitg magnet wire, a conformal
and/or fmsolable coating may be formed that eliminates and/or reduces defects, faults, voids,
pinboles, and/or exposed portions of the conductor 105. The reduction and/or elimination of
pinholes and/or cther defects may improve the elsctrical performance and/or life cycle of the
magnet wire 100, Additionally, the parylene fayer(sy 115A, 1158 may promote resistance of
oxidation, humidity, chemieals, oils {e.z, transmission fluid, ete.), and/or wlraviolet UV

5.8

light. Parylene may also provide g lower coefficient of friction, thereby allowing a magnet
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wire 100 ta be more readily incorporated into an appliance. For cxample, as a winding orcoil
is formed, the lower coefficient of friction may reduce the chances of 4 a first turs catching on a
second turn and thevely damaging the insulation. In cerain embodiments, magnet wire 100
meorporating one or more parylene layers 115A, 1158 may be hydrolytically stable and
resistant to oils andor Hiquids, such as transmiission fuid. The parylens laver{s) 1134, 115R
may profect base insulation 110 andfor the conducior 105, thereby psxmitting the magnet wire
to be divectly in contact with or submerged in oil, automatic transmussion flnd, and/or simalar

fabricants or fuids.

js048] Certatn types of magnos wire may have relatively farge diameters, cross-sectional
- aveas, Of gauges v arder to achieve a desired electrical al appliance owput. Fore xample, round
magnet wire larger than approximately 18 AW (or other cross-sectional shapes of wire having
a cross-sectional area larger than an 18 AWG equivalent may be formed with relatively thick
insulation in order to attatn desired electrical performance {e.g.. POV, breakdown voliage,
In certain embodiments, the use of one or more parylene lavers T15A, 1158 may result

n increased electrical performance (e.g. improved PDIV, mproved thermal and/or hi‘gh
temperature performance, et.} and/or other tmproved performance {e.g., reduced coefficient
of friction, etc.}). Tn other embodiments, e use of ane or more parylene favers 1154, 1158
may permit a desired electrical performance 1o be attained while stnmutltaneously reducing the
thickness of the hase insulation 110, As 3 result, the overall thickness of the magnet wire 100
may be reduced, thereby permitting higher packing of the magnet wive 100 within an appliance

{e.g., a rotating electric machineg, ete.). This higher packing may tesult in improved outpat

D047 As a result of utilizing one, two or more paryiene layers 1154, 1158, in certain
embodiments, i sy be possible to enhance g wide vartety of desirable magnet wire
characteristics, for example, heat shock, coefficient of friction, thermat performance, chemical
rasistance, POV, dielectric strength, ete.  Additiona sy, given the eosts of various paryieng
maaterials, the wse of two different parylene layers 1154, 1158 may permit the formation nf g
desired insulation structure while reducing overall cost. For example, a less expensive paryiens
material may be utilized as an interor layer while a more expensive parviens material is utilized
as an outer kayer. Incertuin evbodiments, a first layer { e.g., an intertor layer; et¢.) formed from
4 less expensive material may have a first thickness that is greater than a sccond thickness of a

second layer {e.g., an outer layer). Additional thy, in varicus embodiments, a relatively more
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expensive outer fayer may have a lower dielestric constant, lower coefficient of friction, and/or
any other improved properties relative to an inner layer, As desired, an outer layer may also
provide improved oxidation protection for a conductor andior any underlying lavers. In certain
embodiments, an inner layer may include a parylene material that depasits or forms more
quickly than that of an outer or second layer. Accordingly, protective insulation may be formed

more quickly on an underlving conductor or aticle.

00483 A magnet wire 100 incorporating one or tore paryiene fayers 1154, 1158 may be
engineered to have a wide variety of suitable elecirical performance properties, such as any
suitable dielectric strengths, PDIVs, and/or thermal ratings. In certain embodiments, a laveraf
parylene may have a dielectric strength in excess of approximately 7,000 volts/mil. In ceriain
embodiments, a magnet wire 100 that incorporates one or more paryviens layers 115A, 1158
{l.e., a wire 100 with parylene lavers formed over base insulation, ctc.) may have a diclectric
strength greater than approximately 10,000, 11,000, 12,000, 13,000, 14,000, 15.000 volts, or
higher. Additionally, a magnet wire 100 incorporating one or more parylene Javers 1154,
1158 may have a PDIV greater than a desired threshold value, such as approximately 1,000,
1,300, 1,500, 1,700, 2,000, 2,500 volts, or higher. A magnet wire ncorporating one or more
parylene layers 115A, 1158 may also be engineered to have a wide vartety of thermal ratings,
such as 2 thermal rating that permits relatively continuous (6.8., a Hime period sach as 1,000,
5,000, or 20,000 hours, ete.} use at temperatures up to approximately 200° €, 220° C, 240° C,

or higher without degradation of the insulation,

j8049¢ A magnet wire 100 or magnet wire article formed in accnrdance with enthodiments
of the disclosure may be suitable for a wide variety of applications. For example, the magnet
wire may be suitable for use in antomabile motors, starter genarators for hybrid electnic
vehieles and/or electric vehicles, alternators, ete, As desived, the insulation system may penmit
the magnet wire 100 to satisfy relatively stringent electrical performance characteristics {es.,
dielectric strength requitements, PDTV requirements, ste.) while being sufficiently thin o allow
avelatively tight packing or coiling of the reagnet wire 100, Asa result, the performance andfor
output of an electrical machine or applisnce formed using the magget wire 100 (e.g., a rotary
clectrical machine, etc.} may be enhanced relative to machines femed utilizing conventional

magnet wire,

ig
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{0086} The magnet wire 10 described above with reference to FIG. 1 s provided by way
of example only. A wide variety of alternatives could be made to the ilustrated ma guet wire
100 as desired in various emhodiments and as discussed with reference to FIGS, DAYE For
example, & base layer 110 may be fvued wit any punber of sublayers, As another cxample,
the cross-sectional shape of the magnet wire 100 and/or one or more insulation layers may be
altered. Indeed, the present disclomuire envisions a wide vagiety of suilable magnet wire
constructions, These constmuctions may inchude insuiation s systems with any number of fayers

anlior sublayers.

[6051] As set forth above, 2 magner wire and/or various insulation layers of 8 magnet wirg
may be formed with a wide variety of suitable cross-sectional shapes. FIGS. 3A-3F illustrate
example cross-sectional shapes that may be utitized for magnet wire in sceordance with varions
illustrative embodiments of the disclosure. Although the shapes i FIGS. 3A-3F are illustrated
as conductor shapes, it will be appreciated that simifar shapes and/or outer peripheries may be

atilized for vartous nsulation lavers.

{0682) Turning first to FIG. 34, a fivst example ma gnet wire 300 is ilustrated as having an
approximaiely rectangular eross-sectional shape. As shown, the corners of the magnet wire
306 may be rounded, blunted, ot tnmeated. FIG. 3B illustrates a second example magnet wirg
305 having a rectangular or approximately vectangular cross-section with vefatively sharp
corpers. FIG. 3T tlustrates a thivd example magnet wire 310 having an ; pproximately squarg
cross-sectional shape with rounded corners. FIG. 3D illustrates a fourth xénzpie magnet wirg
315 having a square or approximately square cross-sectional shape with relatively sharp
corners. FIG, 3E illustrates & fifth example magnet wire 320 having a ciroular cross-sectional
shape, and FIG. 3F illustrates a sixth cxample magnet wire 325 bavi g an slhptical or oval
cross-sectional shape. Other cross-sectional shapes may be utilized as desived, and the shapes

iltustrated in FIGS. 3A-3F are provided by way of non-limiting example only.

80534 FIG. 4 illustrates a flow chart of an example method 400 for forming magnet wire
that incledes at one or more conformal layers, such as one or more layers containing parviens,
in accordance with an ilfustrative embodiment of the disclosure. The methed 400 ma v begin
at block 405, At block 405, a magnet wire conductor may be provided in accordanes with a
wide variety of suitable techniques and/or utilizing a wide variely of suitable wire formation

systems. For example, at block 41, a conductor many ¥ be drawn from 3 suitable put material

20
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{e.g, a larger dlameter conductor, rod stock, ete). In certain arbodiments, a wire forming
device may include one or more dies through which the Input material is drawn in order to
redace the size of the mput materlal fo desived dimensions. Additionally, in certain
embodiments, 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. For example, rollers may be used to flatten one or more sides of input material in order
to form a rectangular or square wire. In other embodiments, a wire forming device may receive
nput matenial from a suitable continuous extrasion or conform machine, Fae example, a
conform machine may receive rod stock {or other suitable wmput material) from a payoff or
other souree, and the conform machine may progess and/or manipulate the rod stock to produce
adesired conductor via extresion. As another example, at block 43 5, a preformed conductor
may be provided or received from a suitable payoff or scurce. 1o other words, a conductor may

be prefornied in an oftling process or obtained from a supplier.

106541 At block 420, which may be optional in certain embodiments, base insulation may
be formed around the conductor. A wide variety of differemt types of base insulation may be
formied around the conductor as desired in various embodiments. For example, at block 425,
one or more layers of enamel may be formed around the conductor. [ certain embodiments,
the conductor may be passed through one or more suitable dies or other components that apply
a varnsh to the conductor, and the conductor may then be passed through an enameling oven
in order to cure the varnish and/or evaporate solvents. In this regard, an enamel layermay be
formed. The process may be repeated as desired in order to attain a desired enamel thickness
and/or build.  As another gxample, at block 430, one or more semi-conductive layers may he
tormed around the conductor. In various embodiments, a semi-conductive faver may be formed
on the conductor in a similar manner {0 #n enamel Taver or a semi-conductive layer may be
extraded vo the conductor. As yet another example of forming base insulation, at block 434,
one of more layers of extruded thermoplastic material may be formed around the conductor.
Any rumber of suitable devices may be configured to form an extruded layer, such as any
number of suitable extrusion heads and/or other devices configured (o apply a desired amount
of thermoplastic msulation.  As desired, the fow rates of the extruded msulation may be
controlled in order to obiain a desired thickness, Additionally, m certain embodiments, one or
more extrusion dies may be wtlized to control the thickness and/or shape of the extruded

insulation. In certain emboditsents, base insulation may inchide 3 combination of different

21
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types of materials and/or lavers. For example, enamel way be formed over a semi-conductive
layer. As another example, an extruded layer may be formed over one or more underlying

layers, Tndeed, a wide variety of suitable base insulation sthactures may be utilized in

accordance with vartous embodiments of the disclosare.

D035 At block 440, a first conformal layer, such as a layer containing parylene, may be
formed around the conductor and, if present, any hase insulation. As set forth above, a wide
variety of different types of materials may be formed, for example, parylene N, pasylene C,
parylene I, parylene HT, or other parylene variant. Additionally, a wide variety of suitable
methods, techniques; and/or devices may be utitized to apply a parylens-containing layer, For
example, the magnet wire may be positioned within a chamber in which vaporized parylene is
permitted to form on an outer surface. As desired, the magnet wire may be arranged in the
chamber such that substantial an entire outer surface of the magnet wire is exposed to the
parylene. Further, in certain embodiments, the magnet wire may be vibrated ov ofherwise
manipulated such that all portions of the outer surface are coated. As desired, the parylene-
containing layer may be formed with any desirable or suitable thickness, such gs a thickness

between approximately one pns and approximately 40 wm,

{08361 At block 445, one or more additional conformal layers, such as one or more
additional parylene-containing layers, may optionally be formed on the magnet wire, fu othey
words, the layer formed at block 440 may be a first layer containing s first parylene material,
Atblock 445, a second layer containing a second parylens material maay be formed. As desived,
a third layer, fourth layer, snd/or any other number of layers may be formed in a similar manner,
Additionally, in certain embodiments, at least two of the layers may include different paryiene
materials. For example, the second laver may contain a second parviens material difforent than
the first parylene material,  Bach additional parylene-containing fayers may be formed in a
similar maoner as that deseribed above with veference to block 440, Addinenally, in certain
embodiments, the same deposition chamber may be utilized to deposit or form a plurality of
different parylene-containing layers. In other embodiments, a plugality of different chambers

and/or other devices may be utilized to deposit different layers,

F6687] As desired, suitable adhesion promoters or adhesion promoting layers may be

formed between two or more parylene-contsining layers, between a parylene-containing layer
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and the base insulation, between & parylene-countaining layer and the conductor, and/or between

-

any other layers. The method may end following block 445.

{BO38]  FIG. § illustrates a flow chant of an example method 500 for forming a magnet wire
article in accordance with an ilustrative embodiment of the disclosare. The method SO0 ma y
begin atblock 505, Atblock 505, a winding wire or magnet wire may be provided. The magnet
wire may fnchide a conductor and an optional insulation system formed around the conductor,
As desired, the insulation system may include a wide variety of suitable materials andfor layers

acluding but not lmited to, one or more semi-conductive layers, one or more enanel layers,
one or more extruded layers, and/or one or more paryiene fayers, A few exaraple magnet wire

coustructions are desertbed in greater detail sbove.

0689  Atblock 510, the maguet wire may be formed into a desired shape. In other words,
the magnet wire may be formed into a suitable article that may be ncorporated into an
appliance, such as a rotating electric machine {c.g., an altemator, a motor, & generator, ofe b A
wide variety of different articles and/or desired shapes may be formed as desired. In other
embuodiments, the conductor may be formed with a desired shape. For example, the conductor
may be cast, printed (e.g., 3-D printed, etc.}, produced with additive manufacture, or gtherwise
formed with a desired article shape. For example, at block 513, the m agnet wire may be formed
into one or more hairpins or other predetermined shapes for insertion into an appliance. In
certain erabodiments, the magnet wire may be cut fnto sections or portions, and each section
may be bent into & hairpin or an article having at least one bend or twist, For example, a hairpin
having a U-shaped bend may be formed. During assembly of an ¢ appliance, the hairpins may
be arranged in proximity to one another, and connections {e.¢., welded connections, etc.) may
be formed as desived between the ends of various hairpins. The described hairpins are provided
by way of example only, and it will be appreciated that g wide variety of other shapes,

structures, and/or other articles may be formed from maznet wire,

{660]  Additionally, during the formation of an article, the magnet wire may be cut,
twisted, bent, and/or otherwise manipulated. In some instances, the forces exerted on the
magnet wire gy vesult in the formation of faults, defects, and/or weakened areas within the
magnet wire insulation. In some case, portions of the magnet wire conductor nay be exposed
(e.g., & portion where the magnet wire was cut, ete.). Atblock 528, one, two, of more parylene-

comtaining layers may be formed on the one or more shaped magnet wire articles to provide
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conformal protective coatings. In certain embodiments, the coatings may be formed in a batch
process prior to the asticles being incorporated into an electrical appliance. Additionally, as
set forth in greater detail above, a wide vaniety of suitable methods, techniques, devices, and/or
other equipment may be utilized to form conformal layers. The method may end following
block 528

{0061}  FIG. 6 dlustrates a fow chart of an example method 600 for forming an electric
machine or other assembly in accordance with an Rusirative embodiment of the disclosure,
The method 600 may begin at block 605, At block 605, one or mote winding wires, magnet
wires, of magnet wire articles may he provided, For cxample, any mumber of preformed
hatrpins, andfor other articles may be provided as deseribed in FIGL 5. At block 610, the magnet
wire ot article(s) may be incorporated into & suitable appliance or assembly. For example,
magnet wire articles may be positioned within one or more associated slats {e.g., stator sloiy,
ete.) or other portions configured to receive the articles. At block 61 5. conformal coatings,
such gs one, two, or more parylene-containing layers, may be formed on the appliance or
assembly. The parylene-containing lavers may provide protection for the magnet wire articles
and/or may reduce or eliminate any faults and/or expased conductor portions, Additionally, in
certain embodiments, the paryiens-containing layers may assist in hoiding or maimaining the
magnet wire articles in place. As set above, a wide variety of suitable methods, technigues,
devices, and/or other equipment may be utilized to form the parylene-containing layers. The

method may end following block 615.

{8062}  The operations described and shown in the methods 400, 500, 600 of FIGS. 4-6 may
be carried out or performed in any suitable order as desired in various embodiments.
Additionally, in certain emabodiments, at least a pottion of the operations may be carried out in
paratlel. Fugthermore, in cerfain embodiments, Tess thau or more than the operations described

in FIGS. 4-6 may be performed,

{60673} Conditional language, such as, among athers, “can,” “could,” “might,” or *may,”
unless specifieally stated otherwise, or otherwise understood within the conlext as used, is
generally intended to convey that cortain embodiments could mclude, while other smbodiments
do not include, cerlaiy features, elements, and/or opetations, Thus, such coﬁditiﬂnal language
is not generally ntended to imply that features, clements, and/or operations are in a1y way

required for one or more embodiments or that one or mure embodiments necessarily include
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logic for deciding, with or without user input or prompting, whether these features, elements,

and/or operations are inchuded or are to be performed in auy particular emboditment

{0084 Many medifications and other embodiments of the disclosure sot torth herein wil
be apparent having the benefit of the teachings presented in the fore going descriptions and the
assoviated drawings. Therefore, it is to be understood that the disclosure i not to be imited to
the specitic embodiments disclosed and that modifications and other embodiments are intended
10 be included within the scope ofthe appended claims. Although specific terms are emploved

3 oyl 110 et e e il :
herein, they are used ina generie and deseriptive sense only and not for purposes of fimitation.
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CLAIMS
That which ¢ claimed:
L An msulated winding wire comprising:

a conductor; and
msulation formed around the conductor, the insulation Y commprising:
& first layer comprising a first parylene materal: and
a second layer comprising a second parylens material different from the st

parylene material,

2. The imsulated winding wire of Claim 1, wherein the first paryiene material comprises
one of (1} parylene N, (i) parylene C, (1) parylene D, (iv) parylene HT, {v} parylene AF-4,
(vi} parylene F, (vii} parylene A, (viif) parylene AM, (ix) parylene H, {(x) parylene SR, {xi)
parylene HR, (xi) parylene NR, (xiii} parylene CF, or {xiv} parylene SF.

3. The msulated winding wire of Claim 1, wherein the scconsd paryieng material
comprises one of (i} parylene N, (i1} parylene C, (iif) parylene B, (iv} parviene HT, (v)
paryiene AF-4, {vi} parylene F, (vii) parylene A, {(viin) parylons AM, (ix) parviens H, (x)

parytene SR, (xi} parylene HR, {xii) parylene NR, {xiti} parylene CF, or (xiv) parviene SF.

4, The insulated winding wire of Claim 1, wherein the first patylene material comprises
at least one of parylene N or parviene € and the second parylene material comprises at least

one of parylene HT, parylene AF-4, or parylene F.

5. The msulated winding wire of Claim 1, wherein each of the firgt layer and the sgcond
layer comprises a respective thickness between approximately 0.5 um and approximately 60

@,

6. The insulated winding wire of Claim 1, further comprising an adhesion promoter

positioned between the fiest layer and the second layer,
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7. The insalated winding wive of Claim 1, wherein the insulation further Comprises at

icast one base layer formed between the conducior and the fpst fayer comprising a first

parylene material.

&. The insulated winding wire of Claim 7, wherein the at least one base layer comprises
at Jeast one of (i} an enamel layer, (il) an extruded thesmoplastic layer, or (iif) a semi~

conductive layer.

A The insulated winding wire of Claim 7, wherein the at least one hase layer comprises

at least one of (i} & polyimide enamel layer, (if) a polyamideimide enamel Ja ayer, or (1) a firgt

enamel layer comprising polyimide and a second enam el layer comprising polyamideimide.

1. The insulated winding wire of Claim 7, whercin the ai least one base layer comprises
an eximuded thermoplastic laycr the extruded thermoplastic layer com prising af least ong of
{1} polyether-ether-ketone, (ii) polyarvietherketone, {iit} palyetharetherketoneketone, {193
polyetberketoneketone, (v) polystherleetone, {vi} polyetherk cloneketoneetherketone, (vii)
polyketone (“"PK7), (vili) thermoplastic polvimide, (ix) aromatic polyamide, {x} aromatic

polyester, or {xi} polyphenylene salfide.

1. The insulated winding wire of Claim 7, wherein the at Teast one base fayer corprises
one oy more enamel favers; and

an extruded thermoplastic layer formed around the one o more enamel {ayers.

"
ot

An insulated winding wire comprising;

a conducior;

base insulation formed around the conductor, the base insulation having a thermal
rating of at least 1807 C; and

at least one layer comprising a parylene material formed sround the base mmdation,

13, The insulated winding wire of Claim 12, wherein the first parylene material comprises
one of (i} parylene N, (it) parylene C, {iii) parylene B, {iv} parylene HT, (v) parviene AF4,
{vi} parviene F, {vii) parylene A, (viii) parylene AM, {ix) parylene H, (x) paryiene SR, {xi)
parylene HR, {xif) parylene MR, (xiil} parylenc OF, or (xiv) parylene 8F,

27
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14, The insulated winding wire of Claim 12, wherein the at least ane laver comprising a
paryiene material comprises a plurality of parylene-containing layers, each of the plurality of

fayers comprising a respective parviene material,

15, The insplated winding wire of Claim 14, wherein a first of the plurality of parviene-
contaiuing layers comprises a first parylene material and a second of the plurality of
parylene-containing layers coraprises a second parylene material different than the first

paryiene material,

16, The msulated winding wire of Claim 15, whersin the firat parylene materisf comprises
at least one of parylene N or parylene C and the second parylene material comprises at least

one of parylene HT, parylene AF-4, or parslene ¥,

17, The insulated winding wire of Claim 15, firther comprising an adhesion promoter

positioned between the first and second parylene-containin g layers

18, The insulated winding wire of Clain 12, wherein the base insulation comprises af
least one of (1) an enamel layer, (i) an extraded thermoplasiic layer, or (iii) a semi-

conductive laver

19 The msulated winding wire of Clabin 12, whersin the base ingluation comprises at
least one of (i) a polyimide enarod layer, (i} a polyamideimide sname fayer, or (i) a st

enamel liyer comprising polvimide and a second enamel layer comprising polyamideimide.

20, The insulated winding wire of Claim 12, wherein the base insulation COMPTises an
extruded thermoplastic layer, the extruded thermoplastic layer comprising at least one of (i}
polyether-ether-Retone, (i) polyaryletherketone, (i) polyetherctherketoneketone, (iv)
polyetherketoneketone, (v} polyetherketone, {(vi) polyetherketoneletoneetherketone, (vif)
polyketone (PR}, (vill) thermoplastic polyimide, (ix) aromatc polyamide, {x} aromatic

polvester, of {(xi} polyphenylenc sulfide,
21, The insulated winding wire of Claim 12, wherein the base insulation ¢ comprises:

28
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oneormore enamel layers: and

anextruded thermoplastic layer fbrmied sround the one or more enamel layers.

22, The insulated winding wire of Claim 12, further comprising an adhesion promoter

positionad between the base insalation and the at least one layer comprising a parylens

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

providing a conductor;
torming a furst insulation layer sround the conductor, the first insulation layer

comprsing 4 88t parylens material; and

s

forming 8 second insulation layer around the first laver, the second nsulation tayer

comprising a second parylene material different from the Hrst parylene material.

24, The method of Claim 23, wherein forming a first insulation layer comprising forming
a first insulation comprising one of (i) parylens N, (i) paryiene €, {ii) parylene D, (iv)
parylene HT, (v) parylene AF-4, (v} parylene F, (vii) parylene A, (viil} parylene AM, {ix)
parylene H, (x} parvlene SR, (xi} parylene HR, (xii) parylene NR. {xiii) parylene CT, ot {xiv)

parylene SE.

25.  The method of Claim 23, wherein forming a second insulation layer camprising
torming 3 second insulation comprising one of (i} parylene N, {1t} paryiens T, (ili) parviene
D, {iv} paryiene HT, (v) parylene AF-4, (vi} parylene F, { vis) parylene A, (viit} parylene AN,
{ix} patylens H, (x} parylene SR, {x1) parylene HR, (xif) parylene NR, (xiti} paryiens CF, or

{xiv} paryviene SF.

26, The insulated winding wire of Claim 23, wherein forming a fust and second
insufation layer comprises forming a Sest insulation layer conprising at Jeast one of parylene
N or parylene C and a second insulation layer comprising at least one of parylens HT,

parylene AF-4, or parylens F.
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27 The method of Claim 23, wherein fonming a respective frst and seeond insulation
layer comprising forming a respective first and second insulation layer via chemical vapor

deposition.

28 The method of Claim 23, wherein forming a first jnsalation Ia ayer and a second
naubation layer comprises forming first and secoud insulation layers having respective

thicknesses between approximately 0.5 um and approximately 60 um,

28.  The method of Claim 23, further comprising:
{orming at teast one base insulation layer formed between the conductar and the st

insulation layer.

30. The method of Claim 29, wherein forming at least one haze nsulation fayer comprises
forming at least one of (i} an enamel layer, (i) an extruded thermoplastic layer; or (i) a

semdi-conductive fayer.

31, The method of Claim 29, whercin forming at least one base insulation layer comprises
forming at least one of (1) & polyimide enamel layer, {11} a polyamidetmide enamet tayer, or
(it} & Grat enamel layer comprising polyvinide and a second snamel I YEE COmMPrisIng

polyamiudeimaide.

32, The method of Claim 29, wherein forming at least one base insulation layer comprises
forming an extraded thermoplastic layer, the eximded thermoplastic layer comprising at Jeast
one of (1) polysther-cther-ketone, (1) po tyaryletherketone, (Hi) polyetheretherket toncketons,
(iv} poiyetherketoneketone, (v} polyetherketone, (vi) polyetherketoneketonestherketone, {vii)
polyketone (PR}, (viil) thermoplastic polyinide, (ix) aromatic podyamide, () aromatic

polyester, or (xi) polyphenylene sulfide,

33 The method of Claim 29, wherein forming at least one base insulation faver
comprises:
forming one or more enamel tayers; dud
forming an extruded themmoplastic layer around the one or more enamel ia yers,

34, Amethod for forming an inselated winding wire, the method comprising:
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providing a conductor;
forming base insulation around the conductor; and

iorming at feast one layer comprising a parylene material around the base insulating,

[ %3
(43

The method of Claim 34, wherein forming at least one layer comprising a parylene
material comprises forming at least one fayer comprising one of (1) parylene N, (if} paryiene
C, (i#1) parylene D, (iv} parviene HT, (v} paryiene AFR4, (viyparylene F, {vii} parylene A,
{viit} paryiene AM, (ix} parylene H, (x) parylene SR, (xi) parylene HR, {xii} paryiene NR,

{xits) parylene CF, or (x{v) parylene SF.

36, The method of Claim 34, wherein forming at lesst one layer comprising a parviene
material comprises:
forminyg a first layer comprising a first parylene material and

forming a second layer comprising a second parylene material differont than the firat
parylens material.
37, The method of Claim 34, wherein forming at least one layer comprising a parvlens

R -

material comprises:

forming a first fayer comprising at least one of parylene N or parvlene C; and

forming, over the first layer, & second layer comprising at feast one of parviene HT

5

parylene AF-4, or parylene F,

, S o
38. The method of Claim 34, wherein forming at least one Jayer comprising & parviene
matenial comprises forming at least one layer comprising a parylene material via chemical

vapor deposition,

39, The method of Clabm 34, wherein forming at least one layer comypiising a parylene
material comprises forming at least one layer having a thicknesses between approximately

0.5 pm and approximately 60 um.

40, Themethod of Claim 34, wherein formine base msulaiion commricas fam i oo
} method of Claim 34, wherein forming base insulation comprises forming at feast
ne of (1) an enamel layer, (i) an extruded thermoplastic fayer, or (i) a semi-conductive

fayer,
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41, The method of Claim 34, wherein forming base insulation comprises forming af least
one of {1} a polyimide enamel laver, (31} # polyamidetnide ensmel laver, or 11} a first enamel

fayer comprising polytmide and a second enamel layer comprising polyamideimide.

42 The method of Claim 34, wherein forming hase insulation comprises forming an
extruded thermoplastic layer, the extroded thermoplastic laver comprising at least one of {i)
polyether-ether-ketone, (i) polyaryletherketone, {ii) polyetheretherketonake tone, (v}
poiyetherketoneketone, (¥) polyetherketone, {vi} polyctherketoneketoneetherketone, {vii}

"

polvketone ("PK™), (vili} thermoplastic pobyumide, {(ix} aromatic polvamide, (X) aromatic

i~

polyester, or {xi} polyphemdene sulfide.

43, The method of Claim 34, wherein forming base insulation comprises:
torming one or more enamel layers; and

forming an extruded thermoplastic Jayer around the oue or more enamel layers:

Lo
854
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