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Abstract- The principal purpose of this work is to investigaé
the performance of new technologies of electricahsulation (Sol-
gel material top coated with an extrusion layer) itended for
winding machines wires. New configurations of coatg wire
produced by an eco-friendly process, with less emenmental
impact than conventional ones, are tested and compal. The
working method is based on measurements of samplézat are
produced in accordance with international standards to
characterize the electrical and thermal propertieof the insulated
wires. The performance analysis of insulations isaenposed of a
sequence of dielectric tests and thermal aging testThis latter
test is realized after validation of the basic eleédcal and
mechanical tests. During thermal aging, the parallecapacitance,
tangent delta, and Partial Discharge Inception Volige (PDIV)
are measured to investigate the evolution of thosdielectric
parameters and to compare dielectric behaviour beteen
different configurations of insulating materials. The results of the
tests show that an extrusion resin with fillers hada longer
lifetime compared with non-filled resins. The concetration of
sol-gel influenced the lifetime of insulated wireThis study shows
some indicators of thermal improvement, but the perentage of
sol-gel used is yet very low and therefore, far firm the main
objective of using fully sustainable products. The sol-gel
formulation tested in higher concentrations had a dwer
performance of basic mechanical properties requiredor winding
wires. However, the extrusion process for magnet va insulation
is possible and gives good results with pure stabthermoplastic
polymer and mineral fillers on extrusion resins.

I. INTRODUCTION

Sustainable mobility is widely developed, eldiciation of
cars, planes, and all means of transport as wetdsgcing the
consumption of polluting products in manufacturiegctors
are current issues. On the other hand, the elatindustrial
sector is seeking to increase efficiency by redydire mass
of electrical machines and devices [1]. In the emwinental
footprint of electrical motors[2], the manufactugiprocess of
magnet wire requires high levels of energy consionpand
pollution particles liberated on the environmerit \/ith the
increase of electrification, the wires manufactsinese tend to
be increased. Research and development of newdiegfynor
new products are necessary to find a compromise/daet
increasing performance and reducing pollutant ses.

A magnet wire requires a compromise of severapgrties,
such as physical, mechanical, thermal, and elattrieor
developing a process and choosing materials, thesiqsd,
mechanical, and thermal properties are all esdefutiathe
machine winding application. Several standards neéefihe
specifications of magnet wires for windings takimgto

account these properties [4]. This study is focusedhermal
and dielectric properties for different configuoats of
insulation.

Beyond the development of magnet wire using
enamelling pollutant process, this study consistaralysis
between experimental dielectric results and iterpetation
based on literature.

less

Il. LITERATUREBASIS

The dielectrics properties behaviour of Electricesulation
Systems (EIS) changes under temperature constr&ieteral
works have explained these phenomena [5-13].

A. Relative Permittivity and Parallel Capacitanc

The impact of temperature on the capacitancesflators is
still under investigation. However, several studsg®w that
the capacitance of insulators increases with teatpey [7-
10]. The parallel capacitance is commonly usedefarasent
the inter-turn insulation and depends on the ndati
permittivity. Its evolution at low frequency is atéd to a
phenomenon of conduction DC which increases wita th
temperature [6]. The phenomenon of augmentatiopacdlliel
capacitance can be principally explained by theatian of
the dielectric constant caused by temperature [12].

B. Partial Discharge Inception Voltage

Past works show us a decreasing behavior ofiaPart
Discharge Inception Voltage (PDIV) as a function of
temperature [1],[7-8]. Recent work using twistedrpaas
samples obtained a PDIV decreasing with temperature
justified by the increased field strength betwew®n air wedge
gaps due to the increase in the complex relativeipivity of
the insulation layer at high temperature [6].

C. Dissipation Factor

Thermal aging is one of the deterioration preesswhich
causes an increase in dielectric losses [11]. Twases
explain the behavior of the dissipation factor withe
temperature, the molecular conditions inside théens, and
the conductivity influence in high temperature.
- The dipole relaxation is a phenomenon that cbuteis to the
dielectric loss factor (Tad) in polar dielectrics. The dipoles
orient themselves to a greater or lesser extenésponse to
the electric field. In the solid, the dipoles suffdction with
the polymer matrix, so this is an obstacle to therientation
of the dipoles in response to the applied field.eTh



reorientation process has a time constant or skevens
constants. If the dipole oscillates 45° to the pha$ the
electric field, the loss induced by the dipole isximized,
resulting in a peak in the dielectric loss callbd tdispersion
peak". As the temperature increases, the viscasitythe
polymer tends to decrease, resulting in a reductiorthe
reorientation time constant and an increase irfrdguency of
the dispersion peak [13].

- At high temperatures, conduction can contribotditlectric
losses in a non-negligible way. The loss tangenludes a
termo(E, T)kw, where the function(E, T) corresponds to the
electric field and temperature-dependent condugt[&i.

IIl. ENAMELLING AND EXTRUSIONPROCESS

The main steps of the process of insulation iegfbn
around a copper conductor are:
1) Annealing oven: The process starts with the aimmgal

The conventional materials used for wire ingatafor high-
temperature applications are Polyestherimide, Poiya-
imide, and polyimide [16]. Polyimide (PI) is knowor its
thermal resistance, its thermal class can reachQfy 25um
thickness. Polyamide-imide (PAI) combines the good
properties of Pl and good processability, its trerindex is
around 220°C. The PAI is frequently used on topedat
electrical insulations of wires with a Polyesthadm (PEI)
bottom coat. The PEI is a modified version of Pithwower
thermal stability due to its flexible ether linkages thermal
class is 200°C.

Materials used on the bottom layer of the insotawere
applied by the classic enamelling process. As anusion
layer, a thermoplastic polymer is used for the tapclt's a
crystalline resin that has high heat resistancé. [Riecedent
works with mineral fillers have shown an improvermém
mechanical properties [18-19]. The mineral filleaase also
implemented in an extruded layer of some configonst

furnace, where a copper conductor is cleaned in afested.
atmosphere without oxygen and is softened, which is Contents of silica-based sol-gel were implemegrite the

important to acquire the necessary flexibility tgpport
the winding operations and warranties the best sidhe
of the primer layer on copper with an etched swfac
Varnish application: an insulation layer in a solivphase
is applied around the conductor by enamelling dies.
Curing: Once the varnish is applied to the coppefase,
the wire passes in an oven for the curing proo&ssund
70% of the solvents from the varnishes are extdaated
the dry extract remains on the surface of the wire.

2)

3)

4)
where they are burnt off and the heat from thelysttés
reused by the curing oven temperature control.

Steps 2 and 3 are iterated to reach the targeidddss.
This enamelling process is repeated several stimetil
reaches the insulation thickness. In this studyemamelling
process is used for a small part of the insulatiiokness

5)

second layer of PAI varnish (enamel) before therusitn
layer. The sol-gel process contributes to improvheyenamel
wire properties, and better properties of breakdowhage
after thermal degradation [20]. Recent works ussgilica
particles have shown improvement in glass tramsitio
temperature [21].

V. RESULTS AND DISCUSSIONS

The evaporated solvents are passed through a sataly Different insulations configurations on a coppgenductor

of 0,95 mm diameter are tested. The PEI and PAymeis
have been used as primer insulators of 25um of etim
increase.

Thermal aging tests are carried out accordinglythe
specifications of the IEC 60172 standard [22]. Tdging
temperature is 250°C and the cycle duration is Elbven

(between 20% and 30% of the thickness). Most of théwisted pairs samples are prepared following trendsard

insulation thickness is made by only one pass byettirusion
machine, resulting in a resin coating. The finahf@guration
obtained in this process is represented in Fighé&,copper
conductor with a first coat composed of enamel kyers and
a final extruded layer.

Extrusion layer of thermoplastic

Copper <+

Enamel layer of sol-gel

Fig. 1. Enamel-extruded wire

IV. MATERIALS INSULATORS

To increase the thermal resistance of an insylat is
important to choose the materials classed for
temperature operation. The high-temperature
insulation supports a temperature operation ab@seC [14].
They are characterized by having high thermal Btgbhigh
dielectric strength, and good adhesion to the cofdfd.

specifications [23]. The proof test voltage used@80V, due
to the increase of diameter (insulation coat). Tifetimes
obtained by this experimentation are presentedalsierl.

TABLE |
AGING TEST OF ENAMEL-EXTRUDED WIRESAT 250°C

Wires insulation composition
PEI + extruded layer of thermoplastic polymer
PAI + extruded layer of thermoplastic polymer
PEI + extruded layer of thermoplastic polymer with
mineral micro fillers
PAI + extruded layer ofhermoplastic polymer with
mineral micro fillers

Lifetime (h)
348
420

492

708

The lifetimes indicate that the extruded layas la relevant
influence on the thermal resistance of the insoati
configuration during the aging test. The wire camitay micro

er;i_g?eﬁllers on extruded layer has resisted longer ttiemse that are
regista

not filled.
Following the first indications, new configumts have
been exploited using the mineral micro fillers aultliing sol-



gel to the primer enamel. We used the sol-gel prtsdan the
enamel layer to verify their influence on the imgment of
thermal resistance during thermal aging.

Table 1l shows the results of an aging test ahigher
temperature, 300°C. This test has a group of eleaemples of
the most performant wire of the precedent aging)garing it
with a group of eleven samples of a new wire insdawith
sol-gel contents on the enamel PAI layer and fillegin on
extrusion. In this case, it's possible to obserlie higher
performance of the group of samples insulated sihgel
contents, which failed the proof test voltage aftethermal
cycles (the duration per cycle is 24h), and the pam
insulated with PAI + thermoplastic filled insulatidailed after
3 cycles at 300°C. This higher performance is abxified in
a 250°C aging test as presented in the last cohfriiable II.

TABLE I
AGING TEST OF ENAMEL-EXTRUDED WIRESWITH AND WITHOUT SOL-GEL

Wires insulation composition . 39000 . 2.5000
Lifetime (h) Lifetime (h)
PAI + extruded layer of thermoplastig 60 708
polymer with mineral micro fillers
PAI+ PAI/Sol-gel (18%) + extruded
layer of thermoplastic polymer with 156 1428
mineral micro fillers

The sol-gel insulated wire had been observednguthe
250°C aging test, including classic wire samplesd &I
enamel with a thermoplastic polymer extruded insada
samples. Eleven twisted-pair samples had been foadzch
insulation. The three insulations are describdadvine
A. Wire insulated by the first layer of PAI enamelleal,

second enamel layer of a mixed content of PAI avld s
gel in a concentration of 18%,
thermoplastic polymer on the extrusion layer.

B. Wire insulated by a first layer of Pl enamelled e
extruded layer of thermoplastic polymer. The proest
voltage was 1200 V for each sample, accordingiy g
greater thickness compared with the others.

C. A commercial wire insulated by enamel layers of BEdl
PAI.

The graphic in Fig.2 shows the dielectric bebawriof each
group of samples. Parallel capacitance and dissip#ctors
are measured by using an Agilent 4294A Precisigoellance
Analyzer. The measurement frequency is 10 kHz teethe
precision indicated on the accuracy chart of theiggent.
The measurement of PDIV is achieved accordinghh wiite
standard IEC 60270 [24]. These measurements alievach
before each thermal cycle and the proof test veliagpplied
using the same device.

Despite the deviation between sample measurament

indicated graphically in Fig.2, the commercial wieshows
an increase in parallel capacitance, which can dsedated
with accelerated aging of most parts of the sampbespared
with the other configurations of insulators. Thasdic wire
may be observed in a longer aging test to affirmititrease
of parallel capacitance expected in accord withlifeeature

1 Result issue of Table |

and a topcoat of

previously exhibited [7-8] [10]. And wire B has Bla values
of parallel capacitance during the aging test, Itiegufrom the
high thermal stability characteristics of the Ptle first coat.
Wire A had a variation in parallel capacitance ealuThat can
be influenced by the sol-gel contents on the prifager, in
which the relative permittivity is not known. To derstand
this phenomenon, more tests are being done witkgedol
contents without PAI polymer to evaluate the petimifyy and
conductivity of the material.

The PDIV had been decreased during the agingafor
insulators as expected. The extruded wires haveehigalues
of PDIV compared with the commercial one, it's keptil its
end life. The insulation B presented higher valoé$*DIV
during the test.

The dissipation factor had different behaviobesween the
insulators. The most resistant insulators had stabblues,
and the commercial one got a visible increase hefbre the
last proof test voltage, meaning that the dielegbarameters
were already degraded. This can also be relateits ttow
thermal resistance compared with the others. Thgh hi
deviation for the last point of dissipation factoeasurement
of the commercial wire happens because part ok#meples
was degraded (dissipation factor > 1,0). The degiran of the
dissipation factor coincides with the end of lifdhem more
than 50% failed during the last proof test voltage.

The curves finish at the end of the thermal g@gitnen more
than 50% of samples insulators broke down durirgggioof
test. Wire A got a higher duration of resistancetlbermal
aging, which indicates that the sol-gel and filledsin
influenced the improvement of the resistance onttst.

20
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Fig. 2. Dielectric parameters collected betweeresyof 250°C thermal aging

CONCLUSIONSAND PERSPECTIVES

Different polymers have been tested on primeedaof
enamelled wire to observe their influence on therrtal



resistance during the aging test. The sol-gel mixath

polymer insulation varnish, shows an increase atttermal
resistance on the aging test. The results obtdaméus study
show the positive influence of the sol-gel whicteslo't need
hazardous solvents for polymerization (sol-gel istes
alcohol based). This type of insulation can be emfaendly
candidate to be used as insulation of enamelledswi®n the
other hand, the basic mechanical properties ofwines are
assured only when the concentration is very low{},8and
the polymer with organic solvent is still being vagd for
that.

Although the enamel-extruded technology studéefhi from
being free of polymer enamel coat, it represenp@ssibility
of reducing the enamel process and a greener colddr
magnet wire manufacturers. Despite this possibilihany
tests must be executed to confirm a replacementhef
conventional enamelling process. We envisage defirthe
thermal index for the enamel-extruded wires devetippby
thermal aging tests. Many other properties ard &til be
validated as required by the magnet wire standésdsh as
chemical resistance, abrasion resistance, and more)

The thermal class improvement depends on themtde
resistance of the insulators during the aging té&idie
commercial wire having a thermal class of 210°Glidates
that the enamel-extruded has better performance g@ater
or equivalent thermal class.

We are testing different fillers to improve thikermal
resistance. New formulations of sol-gel will bediad soon
with the aim of increasing the concentration ofgel on the
primer coat and evaluating if the properties fomding
applications will be conserved.
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