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Abstract

This work deals with the understanding of the degradation of the primary in-
sulation (PEI/PAI) of rotating machines working temporarily under high-tem-
perature. The main domain of application of these motors is the smoke ex-
traction either from tunnels or underground parking when a fire occurs. In
such a critical situation, the internal temperature of the motor winding may
reach temperatures up to 400°C. Under such very high thermal stresses, the
behaviour of the electrical insulation is not well understood. This work pro-
poses an analysis of the decomposition gases under very high temperatures
and the corresponding degradation pathway. A simple method is proposed to
identify whether the insulation of such motors has been strongly damaged
during the working time at very high temperatures, thus allowing estimating
if it can still continue to operate.
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1. Introduction

The research summarized in this paper is a part of a more global reflection on
the potential of thermostable organic materials to be used in rotating machines
working at very high temperatures [1] [2]. Indeed, in some applications, the winding
temperatures of these machines may reach values higher than their insulation
thermal class during the emergency (ie., smoke extraction during the fire). This
work aims to understand the influence of the temperature on the chemical struc-
ture, aging and degradation of two famous insulating materials used in the ena-

meled wires industry: PEI (Polyesterimide) and PAI (Polyamide-imide), beyond
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their thermal classes. PEI and PAI are indeed classically used to insulate wires of
such machines.

The effect of single PEI degradation under the temperatures: 180°C - 250°C
[3] [4], 400°C - 700°C [5] and 250°C - 850°C [6] has been already studied.
Recently, new synthetic methods have been proposed to obtain PEI with high
thermal stability [7]. In the same way, single PAI thermal degradation indu-
ced delamination [8] or copper ions diffusion in enamel [9] have been evalu-
ated.

The aging of dual PEI/PAI enamels degradation under different temperatures
has also been evaluated, especially the correlation between chemical structures
and dielectric properties [10] [11].

The research for a correlation between the evolution of the dielectric proper-
ties and the thermal stability of these materials is one of the main objectives of
this work. In the temperature range studied, ze., 200°C - 400°C, we will attempt
to evaluate the changes in structural modifications, or even degradations, meas-
ured by physicochemical analyses. These analyses should allow us to better un-
derstand the processes involved and to propose scenarios of probable degrada-
tion.

The originality of this work comes from some avenues that will also be pro-
posed as to the preventive detection of the thermal degradation. In order to be
able to extract crucial information revealing the state of degradation of the elec-
trical insulation, we will also endeavor to propose a simple control procedure that

can be applied directly to the rotating machine.

2. Samples under Study

This study deals with enamels used in windings of rotating machines working
under temperature that may reach 200°C - 220°C at hot spots. Enameled wire
insulated by a double layer PEI (inner layer)/PAI (outer layer) are often used in
this temperature range. PEI sticks well to copper and PAI reinforces the thermal

resistance, so it is a good compromise [12].

2.1. Synthesis of PEI

It is generally an isophthalic or/and terephthalic polyester of ethylene glycol and
glycerol in solution in an aromatic/cresylic solvent mixture. A portion of trimel-
litic anhydride is introduced into the acid part which, together with a diisocya-
nate, forms an imide function. The formulation is accompanied by additives such
as phenolic resins and crosslinking catalysts (usually titanate based). The com-
position of di- and tri-functional alcohol, aromatic and sometimes aliphatic acid
(adipic acid) and imide function (isocyanate level) conditions the final proper-
ties of the enamel: adhesion, flexibility, thermal class, weldability... The dif-
ferent monomers are listed and gathered below according to their chemical
family.
Acids:
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The reaction of all these compounds in different proportions (Acids, Alcohols,
Isocyanate) allows the formation of the esterimide function. The presence of tri-

functional compounds (triol) makes this material a crosslinked polymer. To in-
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Figure 1. PEI synthesis.

crease the resistance in tension and the plasticity, the PEI is reinforced by the
addition of Tri Hydroxyethyl Isocyanurate (THEIC). The introduction of THEIC
complicates the structure of the enamel. During the polycondensation reaction,
CO; and H,O are released. In the end, the PEI having the following theoretical
composition is obtained (Figure 1).

PEI is an infusible and not very hydrophilic. Its dielectric strength (at 50 Hz)
is of about 18 kV/mm for 1 mm (manufacturer data: Dupont; on twisted pair,

increase in diameter due to enamel: 66 um) and its dielectric constant is ranging

DOI: 10.4236/msa.2022.131001

4 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.131001

F. Aymonino et al.

from 3.1 to 3.3.

2.2. Synthesis of PAI

Polyamide-imides are the product of the reaction of a di-isocyanate such as
di-phenyl methane di-isocyanate with trimellitic anhydride. The reaction is car-
ried out in a reactor in a solvent, N-methyl-2-pyrrolidone (NMP) and is accom-
panied by the release of CO..

The PAI synthesis schema shows a simpler constituent unit of the polymer
than that of PEI (Figure 2). The dielectric constant of the material considered at
1 MHz is ranging from 3.9 to 5.4 and its dielectric strength is high (22.8 kV/mm
for a 1 mm sample, manufacturer data: Torlon). It is hygroscopic: it can indeed
absorb up to 1.7% of water by mass. This property is linked to the polar func-
tions present in its structure.

Studied enamel chips and powder are obtained by peeling enameled wires on
stainless steel plates. These powders and chips will be used to carry out physico-

chemical measurements.

3. Chromatography and Mass Spectroscopy Coupling

ATG was used to determine the degassing temperature of the decomposition
products (temperature rising rate: 1°C/min). A Diamond TG/ATG Perkin Elmer
Instruments has been used to perform ATG measurements. To perform such
measurements, a small quantity of powder is sufficient, 7e.: <10 mg. These few
milligrams are placed in the crucibles which are attached to a hanger and intro-
duced into the furnace. The hanger is connected to the counterweight by a flail.
The atmosphere is controlled by a gas sweep (in our study air or helium). Other
samples are then placed in an oven which performs successive temperature stages
of 15 minutes in order to allow the recovery of the gases in sufficient concentration.
The gases are first recovered in an adsorbent (unique for each temperature range)
then desorbed in a chromatographic column. Chromatography separates the gas

mixture and mass spectroscopy identifies decomposition products. The device

O=C=N N=C=0 O
HO
N o
o
o

0
H@ N
—N
(0]
(0]

Figure 2. PAI synthesis.
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used for gas recovery is shown schematically in the following Figure 3.

Gas chromatography measurements coupled with mass spectroscopy were per-
formed with heating under different atmospheres, one in an inert medium (He-
lium) and the other one in the presence of oxygen (air). An example of a chro-
matogram is given in Figure 4. The different peaks are identified by mass spec-
troscopy (Figure 5).

The identification of these peaks by temperature range and under different
atmospheres allowed us to separate the different degradation products according

to their thresholds of appearance (Figure 4). We were therefore able to establish

: Blowhole

reaction

Acculmulation cartridge

Heating circuit Analysis circuit.

Figure 3. Diagram of recovery of decomposition gases.
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Figure 4. PAI/PEI chromatogram in air at T = 400°C.
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Figure 5. PAI/PEI mass spectrum.
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preferential reaction diagrams for each medium. The reactions are multiple, but
nevertheless the main reaction proposals have been gathered below, by separat-
ing the two analysis media (helium and air).

These degradations contribute to the loss of mass of the sample because the
products formed are in the gaseous state at these temperatures. During these de-
gradations, radicals (homolytic scissions) may appear. These compounds being very
reactive, they recombine rapidly either with each other or by tearing an H-atom
on another polymer chain.

We have reported below the main degradation products identified by mass
spectrometry at different temperature levels, for the different atmospheres: inert
(Table 1) and oxidizing (Table 2). The decomposition reactions leading to the
identified products will be explained in Section 4.

The degradation products in an inert medium are not the same as those
present in an oxidizing medium. Oxygen therefore changes the degradation
reaction patterns. The appearance and disappearance of degradation products

can respond to two different phenomena: the first one is the activation of the
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Table 1. Main degradation products identified in helium (X = present, Tr = retention time).

Tr Identification 250°C 300°C 350°C 400°C 450°C 500°C 550°C 600°C
2.00 Isocyanateethyle X X
2.57 Acetiqueacid X X
2.83 Benzene X X X X X X
4.78 Toluene X X X X X X X
8.14 P Xylene X X X X
8.98 Styrene X X X X X X
9.05 M Xylene X
12.04 Benzaldehyde X X X X
12.99 Aniline X X X X
13.27 Benzonitrile X X X X X X
15.69 Benzylic alcohol X X
17.20 2-Methyl benzonitrile X X X
17.52 P Aminotoluene X X X
18.25 4-Methyl benzonitrile X X
18.88 Methylbenzonitrile X X X
25.66 Acide benzoique X X X X
26.61 1,2-Benzene-dicarbonitrile X X X
28.66 Phtalic anhydrides X X
29.17 Benzene-dicarbo-nitrilisomer X
32.54 Diphenylmethane X X
Table 2. Main degradation products identified in air (X = present; Tr = retention time).
Tr Identification 250°C 300°C 350°C 400°C 450°C 500°C 550°C 600°C
1.73 Acetonitrile X X X
2.42 Aceticacid X X X
2.83 Benzene X X X X X X
4.78 Toluene X
10.23 P benzoquinone X X X
11.92 Phenylisocyanate X X
12.04 Benzaldehyde X X X X
13.18 Benzonitrile X X X X X X
13.39 Phenol X
15.87 Benzylic alcohol X X
23.96 Benzoicacid X X X X X X X

5
5
5
5
o
5

26.66  1,2-Dicarbonitrile-benzene
28.75 Phtalic anhydride X X X

29.17 Dicarbo-benzene nitrile isomer X X
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degradation reaction by temperature, the second one is the exhaustion of func-
tion. We can notice that, whatever the reaction medium, the first degradation
products result from the degradation of the ester function (first extremum iden-
tified in the DTG curves of the PEI and PAI/PEI). The carbonitrile function,
degradation of the imide or the amide function, only appears significantly from

higher temperatures (Figure 6). The abundance of these compounds is also
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a | Benzylic alcohol
2.5E+09 O 2-Methyl benzonitril
@ PAmino toluene
O Methylebnzonitrile
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Figure 6. Abundance of degradation products of PAI/PEI versus temperature and atmosphere (up: in helium,

down: in air).
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important, it will separate the main degradation reactions from the secondary
ones. Only the degradation products in large quantities are shown in Figure 6.
These degradation products provide information on the interaction of oxygen
with materials. Its presence is also felt in the stability of functions. Indeed, by com-
paring the degradation products common to the two media (inert and oxidiz-
ing), we notice that the temperatures of appearance of these products are slightly
higher in an inert medium. Oxygen therefore, even indirectly, has a negative im-

pact on the stability of these materials.

4. Proposed PAI/PEI Degradation Pathways
4.1. Without Oxygen

In an inert medium (analysis in helium), the degradation reactions are reactions
of chain scission and rearrangements. The main products of these decomposi-
tions are collected in Table 1.

Toluene comes from the cleavage at the level of CH, present between the two
aromatic rings resulting from bis(4-isocyanatophenyl)methane (Figure 7).

The scission occurs because the temperature provides enough energy to break
the C-C bond between the aromatic rings. The radicals formed then react and
acquire the H to stabilize. Benzyl alcohol and benzoic acid come from the de-
gradation of the ester function (Figure 8). During this degradation, we can note
a gas release of CO, and CO.

The temperature allows the C-O bond to break, which can lead to the loss of
CO or CO,, depending on the location of the break. Usually, the weak point in
the polymer chain is at the oxygen atom. As this has two non-binding doublets,

N0 O

Toluene

Figure 7. Toluene formation.

(0] (0]
[0) -CO, (0 -CO
PN = Y —=
N
; HO
Q o) 0
JOL, — O
O)I\Q_(o”‘ co, OH

Benzoic acid

Figure 8. Ester function degradation.
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rAG-O-00-0=

the other two bonds are flexible and therefore susceptible to being broken easily.
This is the reason why the ester bond will be the first to break down. Depending
on the degradation Diagram, the products formed will be different, but it will
mainly be the breaking of the C-O bond which will initiate the degradation when
this function is present in the polymer chain. The appearance of benzaldehyde
(Figure 9) is the result of a split in the carbonyl function and a release of CO.,.

Homolytic cuts can be the origin of rearrangements, revealing acetic acid
(Figure 10).

The presence of phthalic anhydride (Figure 11) can have several origins: it
can come from the rest of the monomer (formation of the PEI), but also come
from a homolytic scission (cleavage of the covalent bond in its middle) followed
by a rearrangement.

Ethyl isocyanate can be derived from a Retro-Diels-Alder type degradation of
Tris (2-Hydroxyethyl) Isocyanurate (THEIC) (Figure 12).

Styrene formation (Figure 13) follows a double degassing of CO,. It’s also

a Retro-Diels-Alder type reaction. The double bonds formed in this case are

0 o -co, §
O
y \/\O)KQ)(O/W — @ . AN

Benzaldehyde

Figure 9. Benzaldehyde formation.

~
0 N — L
AYAY \AOH HO 0

Acetic acid

Figure 10. Acetic acid formation.

Phtalic anhydride

Figure 11. Phthalic anhydride formation.

o) o)
|
B /\/N/U\N O 3 \/N) + 3 HOw

O } 0 Isocyanate ethyl
OH
Figure 12. THEIC degradation.
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responsible for some of the CO,.

Compounds like aniline [13] [14] and p-amino toluene can come from the
same decomposition (Figure 14). The channel splits just didn't happen in the
same place.

Phenyl isocyanate (Figure 15) is formed by removal of CO followed by ho-
molytic disruption at the other carbonyl-ring bond. This mechanism was pro-
posed by Krasnov [15]. Only Oksent’evich [16] demonstrated the formation of
isocyanate structures. However, the treatment temperatures in his study were
significantly higher (710°C and 760°C).

Various authors [17] [18] [19] [20] postulate the existence of a degradation
mechanism through an isoimide form. The arguments in favor of such a hy-
pothesis were provided by Gay [19]. His study showed a balance between the

: Blowhole

Filter

Gaz
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Acculmulation cartridge

Heating circuit Analysis circuit.

Figure 13. Styrene formation.

@ @WL, @N?@W

Aniline
Aniline Toluene p Amino toluene
Figure 14. Aniline and p-amino toluene formation.
O
N CO
y, _ +
Isocyanate phenyl Benzeene

Figure 15. Phenyl isocyanate by decorbonylation formation.
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imide/isoimide forms (Figure 16).

This equilibrium, with the release of CO,, may be one of the origins of the for-
mation of benzonitrile (Figure 17). In addition, it can also be the source of the
formation of part of benzoic acid.

This reaction is limited because isoimide being less stable than imide [21], the
formation of isoimide is very poor. For this reason, Zurakowska-Orszagh recom-
mends switching to the phthalimide form (Figure 18) before obtaining benzoni-
trile.

Some of these compounds (benzonitrile and benzoic acid) can also come from
the degradation of residual amide-acid species according to the following me-
chanism (Figure 19).

Thanks to a rearrangement, methyl benzonitrile can be formed (Figure 20)
according to the same degradation scheme on the imide part, but considering a
rearrangement in the ester part of the PEL

The isomers of benzene di-carbonitrile (Figure 21) can be derived from sev-
eral degradation mechanisms, in particular thanks to the tautomeric amide/ im-
idol balance (Figure 22). Tautomerism is dynamic isomerism (same empirical for-
mula, but different semi-structural or structural formulas). The migration of the

hydrogen atom can thus create different structures in equilibrium.

Imide Isoimide

o gie

Benzone

-0,
o /
Benzonitrile
/ N . // N
/ — °~
4 +
Benzoic acid
o

Figure 17. Benzonitril formation.

QP00 O =0 2O
o 0 /\< -CO,

Figure 18. Benzonitrile formation.

Figure 16. Imide iso-imide balance.
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Figure 21. Isomeric benzene di-carbonitrile formation.
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Diphenyl methane comes from the cleavage of N-C bonds (Figure 23) proba-
bly from PAI This compound is detected at high temperatures, where, accord-
ing to ATG measurements, no PEI remains. The N-C bond (305 kJ/mol) being
weaker than the C-C bond (348 kJ/mol), there is preferential appearance of di-
phenyl methane.

4.2. With Oxygen

The presence of oxygen (analysis in air) is unfavorable to thermal stability. In-
deed, even if we have not observed a drop in temperature of the degradation
threshold, the fact remains that the degradation kinetics are much faster in an
oxidizing medium. The main compounds appearing in air are collated in Table
2. Some degradation products are identical to those obtained in an inert me-
dium.

Their degradation patterns will therefore be identical and will not be reported
below. This is the case of toluene (Figure 7), benzyl alcohol, benzoic acid
(Figure 8), benzaldehyde (Figure 9), acetic acid (Figure 10), phthalic anhydride
(Figure 11), benzonitrile (Figure 18) and benzenedicarbonitrile (Figure 21).

Atmospheric oxygen may not participate directly in the decarbonylation of
imide structures. Its action would rather be an indirect effect of embrittlement
by oxidation of the polymer chain, the latter leading to the degradation and de-
struction of the material [22].

Kavarskii [20] involves peroxidic structures; he shown the influence of oxygen
on degradation. The intrusion of oxygen can lead to the appearance of degrada-
tion products such as p-benzoquinone (Figure 24) or phenol and phenyl iso-
cyanate (Figure 25) depending on the location of oxygen attack.

W@jku@w =“@KN@“

Amid Imidol
Figure 22. Amide/imidol balance.

%, s
géN N"*'z,, —

Figure 23. Diphenyl methane formation.

(O:O
)@ O
p Benzoquinone

Figure 24. Aromatic cycle degradation by oxygen.
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Temperature is responsible for the loss of a hydrogen atom in the methylene
group. In the presence of oxygen, it oxidizes to hydroperoxide [23]. This hydro-
peroxide can then degrade to give a phenol and a benzaldehyde (Figure 26).

The toluene formed will oxidize to form benzoic acid (Figure 27). This is the
reason why it is not detected during the analysis carried out in air.

Acetonitrile is the decomposition product of THEIC with temperature (Figure
28). This reaction is a homolytic decomposition reaction followed by recombina-

@@ *‘@j@
_OO— @ﬂ

Isocyanate phenyl Phenol

Figure 25. Imide function degradation by oxygen.

HO, o,
o= OH
+ +
)  ——— .
—_— Benzaldehyde Phenol Benzoic acid
[
ou
Benzene
Figure 26. Methylene degradation.
OH
o
+0,
-H

Figure 27. Toluene oxidation.
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Some decomposition mechanisms have revealed a release of CO, during the
degradation of the initial compounds. We have shown the formation of CO, by
an experiment involving lime water (Figure 29).

This experiment is classic for the detection of CO,: lime water indeed has the
particularity of becoming cloudy in the presence of CO,. This cloudiness results
from the formation of calcium carbonate (Figure 30), a white precipitate inso-
luble in water.

To perform this experiment, pieces of PAI/PEI were peeled off the plates and
then placed in an oven with circulating nitrogen. The nitrogen sweep is passed
through a lime water solution. Due to the release of CO, during degradation, the
lime water became cloudy, thus proving its formation. This experiment makes it
possible to validate the proposed degradation schemes.

The identification of the different degradation products as well as their dif-
ferent thresholds of appearance will allow us to select a compound that can be
used as a chemical tracer of the state of degradation of the insulation system.
This check also makes it possible to determine whether an engine has transiently
had to undergo temperatures above its thermal class, provided that the gases

remain trapped.

o)

N o~
-C

%o/\/ N_V
N/KO —% > SN + HO

0)

Acetonitril

Onn

Figure 28. THEIC decomposition diagram.

N,
Sample

Oven

Figure 29. Schematic diagram of the experiment with lime water.

Ca(OH), + CO, > CaCO; + H,0

Figure 30. Reaction of carbon dioxide with lime water.
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5. Proposal for Selection and/or Means of
Observing Degradation Process

The only products likely to be suitable for monitoring degradation are those re-
sulting from decomposition mechanisms in the presence of oxygen. The product
must also be easily identifiable. In addition, it must be one of the first products to
appear during degradation in order to prevent failure. Finally, it must be available
in sufficient quantity to be detectable. Of the degradation products mentioned in
Figure 6, benzaldehyde and benzoic acid appear to be the best candidates. We will
therefore review the different means of detecting these two molecules. Benzalde-
hyde is found in liquid form (colorless liquid) at room temperature (its melting
point is —26°C). Benzaldehyde gas can be captured by a solid adsorbent (silica, oc-
tadecyl grafted silica or XAD2 resin) impregnated with a derivatization agent (2,4-
dinitrophenylhydrazine or 2-hydromethylpiperidine). Benzaldehyde vapors are tra-
pped on the cartridge in derivative form. The cartridge is then desorbed by entrain-
ing the products with acetonitrile (cartridge impregnated with DNPH) or brought
into contact with toluene and stirred with ultrasound (cartridge impregnated with
2-hydromethylpiperidine).

Another solution consists in trapping the benzaldehyde directly on a solid po-
lyphase adsorbent (carbopack/carboxen). Desorption then takes place thermally un-
der the influence of inert gas (helium). The analysis of the extracts is finally carried
out by HPLC (C18 or Zorbax ODS column with an acetonitrile/water mobile phase
gradient) coupled to a UV/visible detector, operating at a wavelength of 360 nm.
Benzoic acid can be recovered by cooling the air because it is in the solid form (white
solid) at room temperature (its melting point is 122°C). It can also be adsorbed by
silica (solid adsorbent). Benzoic acid can be analyzed by column HPLC (C18 with
an acetate/acetonitrile 80/20 buffer mixture) coupled to a UV/visible detector op-
erating at a wavelength of 254 nm.

Both benzoic acid and benzaldehyde are compounds that absorb UV radiation
at different wavelengths, and can also be recovered in the same way (silica adsor-
bent). Due to their abundance and their modes of identification, they are therefore
both likely to provide a tracer on the state of degradation of the electrical insula-
tion. The difficulty lies in the capture (trapping of these molecules). In a closed ro-
tating machine, as is the case with safety engines, it is necessary to provide access

to the interior of the engine in order to take a gas sample.

6. Conclusion

A new method to detect thermal degradation in the primary insulation of rotat-
ing machines working temporarily at high temperatures (up to 400°C) has been
proposed in this article. It consists in detecting the products resulting from the
degradation of the insulation under the effect of temperature. The coupling be-
tween chromatographic and mass spectroscopy measurements has, for this pur-
pose, been carried out under an oxidizing and inert atmosphere. The analysis of

these measurements allowed us to identify the various products resulting from
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the degradation of the initial material as well as their thresholds of appearances.
Under air, a shift of these thresholds towards low temperatures was naturally
observed. The information extracted from these measurements enabled us to
propose preferential degradation schemes for each type of environment, thus al-
lowing a better understanding of the degradation processes of these materials.
To be easily detectable, the decomposition material(s) which will have to be looked
for are naturally which will be released in large quantities. In addition, for effec-
tive prediction, this or these compound(s) must be the first to be released. Our
analyses showed that benzaldehyde and benzoic acid were the compounds that
best met all of these criteria. The first can be captured by a cartridge having a
solid adsorbent (silica) impregnated with a bypassing agent. The cartridge can then
be desorbed in different ways: contact with a reagent, thermal method, etc. The
second can also be captured by a solid adsorbent (silica) but also recovered by cool-
ing (the latter being solid at room temperature). These two compounds absorb
UV radiation at different wavelengths and could therefore be detected by illumi-
nation on an adsorbent. Regardless of the compound selected for the detection
of the onset of degradation of the electrical insulation, it will be necessary to
provide a device in the design of the motor to allow it to be sampled. At high-
temperature, closing motors safely and confining this product inside the machine

will make it easier to capture.
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