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Abstract

The aim of this study is to highlight the joint evolution of the chemical, morphological, thermal and dielectric behaviors upon
the UV weathering of an industrial ethylene-propylene-diene monomer (EPDM) rubber. This latter is used as a housing of
composite high voltage insulators which are installed in the Algerian desert. This material was submitted to photochemical
aging by irradiating UVA rays (A=340 nm) at a temperature of 45 °C in order to simulate the witnessed site conditions.
It was shown that the degradation process leading to the formation of oxygenated species and the depolymerization of the
material are responsible of the coupling which may appear between the realized measurements. Using Kendall rank correla-
tion analysis, joint evolution models were established. Those models introduce a novel assessment approach of the chemical

and morphological status of the aged rubber using electrical and dielectric measurements.

Keywords EPDM - Insulator - UV Aging - Cross-correlation - Characterization

1 Introduction

Polymers such as ethylene-propylene-diene monomer
(EPDM), which is a type of synthetic rubber composed of
ethylene, propylene and unsaturated diene [1, 2], are applied
in various technical fields due to their advantages in term of
ease of production, light weight, ductility, good mechanical
resistance and better contamination behavior [3—-5]. Among
the fastest growing applications of the synthetic rubbers, we
can spot the composite high voltage insulators with EPDM
housing. Further to the outdoor use of the latter, the bulk
properties of the insulation material are affected due to its
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exposition to stress conditions (radiation, heat, ozone, etc.)
[2, 6]. The polymer’s instability to weathering is one of the
major issues which concern the insulation materials indus-
try. This instability is caused by several reactions includ-
ing rearrangements of the chemical structure, formation of
oxidation, cross-linking and chain scission [7]. Thus, the
comprehension of the mechanisms leading to these reac-
tions by the study of the material’s behavior against each
type of stress condition is critical for the assessment of the
material’s life time [2].

Among the disadvantages of the natural aging of studied
samples, we can notice the complex reproducibility, time
consuming procedures and the difficulty to segregate the
stress conditions [2, 8, 9]. In this regard, in order to study the
separate effect of each type of stress on the material within
a reasonable term, a laboratory artificial aging is required.
Several works have been done to study the impact of the
aging on the characteristics of the materials and the pro-
cesses responsible of their degradation. Most of these works
focused on a limited number of aspects of aging leading to
a partial view of the material’s degradation. Zhao et al. [6,
8, 10] carried out a weathering of EPDM to study its impact
on morphological, thermal and chemical properties of the
material. Ehsani et al. [11] studied the impact of the heat
aging on the electric properties of the EPDM. Other studies
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[5, 12] focused on the impact of a service aging on the ther-
mal, chemical and dielectric properties of the housing of a
composite high voltage insulator.

However, to our knowledge, no works treated the long-
term photochemical aging of EPDM used as a housing of
a composite insulator by carrying a multiscale analysis
studying the impact of the aging on the thermal, chemical,
morphological, mechanical, electric and dielectric proper-
ties. The compilation of the latter allows us to highlight the
coupling which may exist between electric, dielectric and
physico-chemical properties of the material.

The aim of this study is to investigate the aging behavior
of the EPDM insulators used in the Algerian desert. The
studied samples were subjected to an artificial aging under
UV weathering in order to simulate the real site conditions.
Several techniques were used with the purpose to track the
effect of the aging on the different structural scales of the
material. As detailed in Sects. 2 and 3, we tried to highlight
the processes occurring in the material with the purpose to
seek the joint evolution of the electric and dielectric prop-
erties of the material against its morphological, chemical,
thermal and mechanical behaviors. In this regard, a cross-
validation analysis was established using the Kendall rank
correlation technique leading to the elaboration of joint evo-
lution models. The latter introduces a useful support for the
elaboration of an assessment monitoring guideline of high
voltage composite insulators. Studies which applied similar
aging conditions [13, 14] didn’t consider the cross-correla-
tion aspect in the evolution of the material’s properties due
to the application of a limited number of characterization
techniques.

2 Materials and Methods
2.1 Materials

The EPDM used within our study was provided by Sediver,
France. It is composed of aluminum tri-hydrate (ATH) as
filler, plasticizers, a peroxide, and an agent for stabiliza-
tion complying with the composition given in Table 1. The
studied samples have been conditioned in sheets of 2 mm
thickness with various dimensions adapted to the dedicated
characterization techniques.

2.2 Material Aging

Photochemical aging was applied on EPDM sheets directly
irradiated by UVA rays (A=340 nm) at a temperature of
45 °C. The irradiance of the lamps was 0.89 W/m*nm which
simulates the direct solar UV radiation exposure as recom-
mended by the standard ASTM G154 [12]. No condensation
was applied in order to simulate the dry conditions existing
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Table 1 Composition of studied EPDM

Composition Quantity (parts)
EPDM (ethylidene norbornene) 100
Alumna trihydrate (ATH) 240
Plasticisers 40
Anti-oxidants 5

Dicumyl peroxide

in the Algerian desert. The chosen temperature is related to
the peak values recorded along the year. The samples were
submitted to different aging time intervals up to 2160 h. As
indicated in the literature, 200 h of artificial weathering are
equivalent to 1 year of actual outdoor UV exposure [15-17].

2.3 Thermal Characterization

Thermal analysis involves the measurement of material’s
properties as a function of temperature. Despite the fact that
thermal analysis covers a wide range of techniques, differen-
tial scanning calorimetry (DSC), thermogravimetric analy-
sis (TGA) and dynamic mechanical analysis (DMA) are the
techniques we were able to use within our study.

DSC analysis was carried out using Q2000 device from
TA instrument under constant nitrogen gas flow. Thermo-
grams for samples of approximately 10 mg were recorded
in one run. The heating was from — 90 to 140 °C, followed
by cooling from 140 to — 100 °C, at a rate of 5°C/min. The
degree of crystallinity of samples was calculated by consid-
ering 270 J/g as melting enthalpy value of the EPDM when
it crystallizes completely [18].

Thermogravimetric analysis (TGA) was conducted by
monitoring the weight-loss of the studied EPDM samples
in order to evaluate their thermal stability. This analysis
was performed with a TGA Q50 device from TA Instru-
ments. Within our study, samples of approximately 10 mg
were analyzed by a heating at a constant rate of 10 °C/min
between 25 and 800 °C. All TGA experiments were per-
formed under constant flow of nitrogen in order to remove
all corrosive gases formed during degradation and to avoid
further thermo-oxidative degradation.

DMA is a measure of the deformation of a material in
response to vibration forces [11]. Unlike the tensile test,
the DMA measurements are influenced preferentially by
the properties of the surface layers of the tested samples
[19]. DMA of the EPDM samples was performed in dual
cantilever mode using a TA instruments Q800 apparatus.
The samples (35 mm X 12 mm X 2.3 mm) were tested under
constant deformation amplitude of 10 pm at a frequency of
1 Hz and under a temperature ramp of 3 °C/min over the
temperature range of — 100 to 140 °C. The mechanical loss
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factor (tan §) was measured as a function of temperature for
all the samples under identical conditions.

2.4 Chemical Characterization

Chemical analysis of the aged samples was carried including
the Infrared spectroscopy technique (FTIR) and the Energy
dispersive X-ray (EDX) analysis.

The FTIR technique is useful in identifying organic and
inorganic compounds by comparing frequencies and inten-
sities with reference spectra [20]. This technique is rec-
ommended for thick samples similar to those analyzed in
this paper. Chemical changes upon aging were performed
with an ATR-FTIR spectrometer (Attenuated Total reflec-
tance—Bruker IFS66v/s). 32 scans were used for each sam-
ple working with a resolution of 4/cm in a spectra range of
4000400 /cm. In order to make a deep understanding on the
changes which may occur in the material during the aging,
EDX analysis was performed to obtain the element composi-
tion of the studied samples. The EDX analysis was carried
out with a SEM and its adjunct EDX analyzer (SEM Hitachi
SU-8020, Japan) under an accelerating voltage of 10 kV
leading to an estimated depth of 1 um for the analyzed layer.

2.5 Surface Morphology Characterization

The characterization of the morphology of the surface of
the studied samples was done using the visualization of the
surface with scanning electron microscope (SEM), measure
of the contact angle, and colorimetry measurement.

The surface morphology of aged EPDM samples were
investigated by scanning electron microscope (SEM) using
an SU-8020 scanning electron microscope (Hitachi, Japan)
at an accelerating voltage of 5 kV.

A hydrophobic surface has a water repellent property,
whereas a hydrophilic surface can be easily wetted. The
contact angle that a drop makes when it comes into contact
with a solids surface is a measure of the surface wettabil-
ity. The hydrophobicity evaluation of housing insulation is
commonly made according to STRI guide [21]. This method
is commonly used at site. However, it has an intrinsic inac-
curacy because of its subjective image analysis which
depends on the operator’s criteria [22]. In order to analyze
the contact angle more accurately, the hydrophobicity of
the housing polymer was evaluated using GDX digidrop
goniometer with a video camera system and the Visiodrop
software. It places a 3-5 pl drop of distillated water on the
previously cleaned polymeric surface using a Teflon-coated
needle. Then, a photograph of it is taken with a high resolu-
tion digital camera. By digital image analysis and the use of
special software, the contact angle is measured. The data of
the contact angle were obtained from the mean of three to

four measurements that were made to different drops placed
on the surface.

The colorimetry of the studied samples was measured
using a SpectroDens spectro-densitometer of TECHKON.
Lightness (L*) and chromacity coordinates (a* and b*) were
measured. Changes in color are expressed by changes in
L*, a* and b*, and by changes in the distance between two
points in the three dimensional coordinated system. The total
color change (AE*ab) was calculated using the following
equation:

AE*ab = [(AL*)? + (Aa*) + (Ab*)z] 2 (1

Three measurements were taken on different locations
of each sample. Three samples were analyzed at each aging
status. The average of those 9 measures (3 areas X 3 sam-
ples) was used for data analysis. The effect of the aging on
the color change was analyzed.

2.6 Mechanical Characterization

For the mechanical characterization of the material, the
hardness of the samples was measured. In this regard shore
A hardness was measured by means of a pocket hardness
meter (type CEAST, Torino/Italy) according to ISO/R 868.
Three samples were tested. Three measures for each sample
at different areas location were performed in order to get a
reliable result.

2.7 Dielectric and Electric Properties
Characterization

The dielectric loss factor (tan d) of the material was meas-
ured in function of aging time by using a Schering bridge
(TETTEX A.G ZURICH type 2904) under AC voltage of
1 kV, 50 Hz. A test cell consisting of two circular plane
electrodes of 20 cm? surface and a guard electrode was used
to eliminate the surface conduction effect [23]. The same test
cell was used for the evaluation of the surface resistivity of
the studied samples. In this regard, the resistance between
two electrodes mounted on the surface of the samples was
measured as an image of the surface resistivity. The voltage
across a shunt resistance was measured as an image of the
current passing through the material as per IEC62631-3-2.

2.8 Statistical Calculation of Correlation
Coefficients

Correlation coefficients were generated by performing Kend-
all rank correlation analysis for all parameters using average
values calculated from all original determinations. Kendall’s
tau (r;,) coefficient was preferred among the other correlation
coefficients existing in the literature due to a better robustness
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and efficiency for small samples [24]. Parameter 7, is a meas-
ure which works better in detecting a non-linear relationship
between two variables [25]. It can take a value from — 1 to 1.
The higher the absolute value of 7, the stronger the association
between the two variables. Positive values suggest that higher
values of one variable are associated with higher values of the
other variable; negative values suggest that higher values of
one are associated with lower values of the other [26].

3 Results and Discussion
3.1 Thermal Characterization

As shown in Fig. 1 corresponding to the DSC thermograms
of the studied samples, the round shape of the peaks indicates
that the material is semicrystalline [27]. The obtained results
show a step change related to a glass transition temperature
(T,) and an endothermic peak corresponding to the melting of
the ethylene component occurring at the melting temperature
(T,) [28].

We have to note that the relatively low value of the enthalpy
of fusion is due to the amorphous proportion of the EPDM.
For UV aging, the DSC thermograms don’t show a significant
change of T, along the aging time as indicated in Table 2.
However, we can observe a slight decrease of the melt enthalpy
AH,, along the aging time. This depression implies a reduc-
tion of the degree of crystallinity x of the material which is
calculated using the following equation:

AH,

With AHS1 is the melt enthalpy of a completely crystal-
line sample.

Heat flow (W/g)

Endoﬁhermic peék ‘o

-0.15 ‘
-100 -50 0 50 100

Temperature (°C)

Fig. 1 DSC heating thermograms of new and UV aged samples
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The reduction of the degree of crystallinity x can be due
to the scissions of chains which may be accompanied by
crosslinking [29-31]. This bulk degradation of the EPDM
disrupts the crystalline order of the polymer [27, 32].

TGA is a useful technique to assess the thermal stability
of the studied material as well as the amount of the com-
ponents present in the polymer. As can be observed from
Fig. 2, weight percentage of ash residues for UV aged sam-
ples is almost the same as new samples, meaning that the
loss of material’s components is negligible for this type of
aging.

The TGA and DTG results shown in Table 3 indicate
that this type of degradation has no impact on the thermal
stability of the material.

Due to the inherent sensitivity of DMA to the glass transi-
tion, this technique is ideal for identifying the T, of highly
filled systems [33]. More precisely, DMA allows measur-
ing the thermomechanical transition associated to the glass
transition of the material. Viscoelastic properties (tan d vs.
temperature) of the studied material are illustrated in Fig. 3.
The temperature corresponding to the maximum peak in the
tan O vs. temperature plot was taken as the glass transition
temperature. The cross-linkage of the material increases T,
reduces tan § (max) and usually increases peak width [34].

We can notice from Fig. 3 that the aging time has induced
the increase of the glass transition temperature. This phe-
nomenon may be explained by a denser cross linkage and

Table 2 Parameters obtained from DSC measurement for UV aging

Sample T, (°O) T, (°C) AH, /g) X (%)
New - 61 26 1.31 0.48
1296 h aged - 60 26 1.05 0.38
2160 h aged - 60 27 1.00 0.37

110 T

1 New
100 S RLRRRRRREEEEES ILELLIELLE 2160h (UV aging) [
40 i i i
0 200 400 600 800

Temperature (°C)

Fig.2 TGA results of new and UV aged EPDM



Journal of Electrical Engineering & Technology

Table3 TGA & DTG results

Sample DTG peak temp. Onset temp. of 1st mass DTG peak temp. Onset temp. of 2nd
summary for UV aged EPDM of Istevent (°C) Istevent (°C) loss (%) of 2nd event (°C) 2nd event (°C) mass
loss (%)
New 365 128 28 475 392 27
1296 h aged 359 124 28 475 390 27
2160 haged 354 134 28 477 392 28
0.5 R Table 4 Significant bands and functional groups of studied EPDM
: New sample [4, 27, 42-45]
arc 3‘ ——=—=1296h (UV Aging)
O ey | o 2160h (UV Aging) Wavenumber (/cm) Absorption bond
‘ ‘ 3615, 3524, 3432, 3375 AI(OH),

o
w

Tan Delta
o
N

0.1

0
Temperature (°C)

0 ; ; ;
-150 -100 -50 50

Fig.3 Tan & vs. temperature plots of industrial EPDM aged under
UV rays (DMA Method)

reduction in free volume available for local segmental
motions [35-38]. The increase of Tg can be also explained
by a higher polarity and thus intermolecular attraction as a
result of oxidative chain scission, and/or a higher relative
filler content because of decomposition and volatilization
of the polymer [39].

As pointed out in other studies [39], the observed behav-
ior of the material through DMA analysis doesn’t indicate
whether only cross-linking reactions are occurring, or
whether both chain scissions and cross-linking occur. The
latter may slightly outweight the effects of scissions.

We can notice that the T, value isn’t the same when meas-
ured by DSC and DMA methods. Though it is agreed to
assess the glass transition temperature through a single tem-
perature, in reality it shows a transient behavior. DMA and
DSC techniques measure different processes which lead to
a difference in data. This difference can reach 25 °C as per
the literature [40, 41].

3.2 Chemical Characterization

The ATR-FTIR technique is used in this study to identify
the chemical reaction taking place during the aging of the
material. In this regard the wavenumbers and their corre-
sponding functional groups for the significant bands related
to the studied material are shown in Table 4.

1465, 1376, 2915, 2955 CH; (Methyl group)

2850 CH, (Methylene group)
1259, 970 CH
1016, 791, 728, 665 Al-O
1750-1720 > C=0 (Carbonyl group)
3370-3620 OH
239K Be3 3
8333 QA& =
1,4 1
1,2 4
LA MM— M
Aged for 2160hr
1,0 4
8
& 0,8+
5 \
§ 0,6 -_IJ\/ k_, Ug i
< Aged for 1296hr
0,4
021
. . A
0.0 Initial
35IOO 30I00 25I00 20IOO 1 5I00 1 OIOO

Wavenumber (cm™)

Fig.4 ATR-FTIR spectra of EPDM after UV weathering

From Fig. 4 we can notice a loss of hydrocarbon groups in
all aged samples. The observed peak at the area 1750-1720/
cm can be assigned to ketone absorption. This peak, related
to carbonyl group, is visible for the non-aged samples which
means that the oxidation of the material started from its
manufacturing [6]. However, we can observe from Fig. 5
that the carbonyl index (CI), which represents the relative
intensities of the carbonyl band at 1735/cm relative to the
methylene band at 2850/cm [46], increases with the aging
time. It can be seen that the CI increased quickly at the first
1000 h of aging. In the following stage, the increase of CI
becomes less important. The relationship between CI and the
aging time regarding the applied conditions can be expressed
as: CI=0.22634x(t +30.04548)"'7286 with R?=0.96241.
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o
[o2)
Il

o
()
Il

Carbonyl Index (pu)

Cl = 0,22634*(t+30,04548) %7286 with R?=0,96241

0,44

0 10I00 20I00
Aging time (hr)

Fig.5 Variation of the Carbonyl Index vs the aging time

Since oxygen appears in different organic functions
in degradation products, such as alcohol, ketone and ester,
it is difficult to link the degradation with a specific functional

group [10]. Table 5 shows the percentage of the weight com-
position and the atomic ratios O/C and Al/C for the analyzed
samples. Those ratios were adopted in order to assess the
degradation of the samples. From our measurements, we can
observe that the ratios O/C and Al/C increase with the aging
time. This result is complying with the FTIR analysis related
to the oxidation and depolymerization processes which hap-
pened during the aging. Similar results were reported in
other studies [10, 12, 47-49].

3.3 Surface Morphology Characterization

Figure 6 shows micrographs of EPDM samples before and
after aging for different aging times. Apparently, the surface
of the new EPDM sample was relatively smooth, compared
with the other samples. With increasing aging time, small
voids appeared. We can notice that the polymer outer layer
of the sample is removed during aging. This layer is related
to the surface finish of the molding process [22].

Table 5 Weight composition percentage of C, O and Al for EPDM aged thermally under UV rays

C (0] Al o/C Al/C
Weight (%) Weight (%) error Weight (%) Weight (%) error Weight (%) Weight (%) error
New 52.2 +0.3 27.5 +0.4 18.9 +0.1 0.52 0.36
432 h 28.7 +0.3 46.2 +0.4 23.7 +0.1 1.60 0.82
1296 h 19.5 +0.3 47.3 +0.4 29.3 +0.2 242 1.50
1728 h 19.8 +0.3 51.3 +0.4 26.5 +0.1 2.59 1.33
2160 h 17.2 +0.3 49.9 +0.4 29.1 +0.2 2.90 1.69
Initial 432hr aged

SU8020 5.0kV 3.3mm x3.00k SE(U)

il
10.0um

““““““““

SU8020 5.0kV 2.9mm x3.00k SE(U)

Fig.6 Surface microstructure of photo-aged EPDM
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From our observations with aging time, it can be
noticed that the outer layer of the samples is eroded. Thus,
the outer molded layer consisting mainly by polymer is
substituted by a layer composed of polymer and fillers.
This process has as a consequence to increase the rough-
ness of the material. The hydrophobicity is, thus, a param-
eter which can be evaluated by SEM due to the possibil-
ity of that method to assess smoothness and contaminant
extent [50].

From Fig. 7, we notice that the contact angle (CA)
decreases monotonously and linearly with aging time.
The decrease of the contact angle can be explained by
the polymer’s oxidation which generates polar groups
such as carbonyl on the material’s surface increasing the
wettability [22].

The observed strong negative linear relationship
between the contact angle and the exposure time can
be expressed as: CA=108.66828-0.02109*t with
R?=0.9875.

Figure 8 shows a clear color change during aging of
the studied samples. We can observe the effect of the UV
stress regarding the evolution of AE. We can observe a
sharp increase at the beginning of the aging process and
then stabilization.

3.4 Mechanical Characterization

From Fig. 9, it can be seen that the hardness of the material
increases with the aging time. This observation coupled to
the increase of the glass transition temperature, as shown
in the thermal analysis of the samples, indicates the occur-
rence of a crosslinking. As per Tomer et al. the surface of
the samples becomes harder because the polymer chains
cannot adopt different configurations during stressing and
are less flexible due to the crosslinkage of the material [4].

110 ‘I CA = 108,66828 - 0,02109*t with R2=0,9875

<100+
90
80
70

60

Contact Angle + 1 S.D

50

T T T T
0 500 1000 1500 2000 2500
Aging time (hr)

Fig.7 Contact angle vs aging time for photo-aged samples

24 s * }
|1 !
w
a1
L
g

0-m

0 500 1000 1500 2000 2500

Aging time (hr)

Fig. 8 Effect of photo-aging on total color change

3.5 Dielectric and Electric Properties
Characterization

Measurements using our Schering Bridge have been carried
out in order to get the surface resistances and the dielectric
loss factor.

As seen during the thermal characterization, the loss fac-
tor measured with DMA technique is a significant param-
eter for the characterization of the equilibrium between
the viscous and elastic state of the material in term of the
antagonism between the chain scission and recombina-
tion including the cross-linking. The parallelism between
the mechanical and dielectric behavior of the material was
highlighted in previous studies [51] implying the involve-
ment of the same mechanisms for the interpretation of the
results [37, 52].

As indicated in Fig. 10, we observe a reduction of the loss
factor with stabilization at a value of 0,015 after 1000 h of
aging. The relationship between Tan 8 and the aging time
regarding the applied conditions can be expressed as: Tan
§=0.03793*(t+59.05459)-0.12467 with R*>=0.86705.

79
78+
77

76 %
i

751
74+
73 1
72
714
704
69
68

Shore A +1S.D

0 500 1000 1500 2000 2500
Aging time (hr)

Fig.9 Variation of the hardness vs the aging time
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0,026

0,024

0,022

0,020

0,018

Tand+1S.D

0,016

0,014

Tan & = 0,03793*(t+59,05459) 012467 with R2=0,86705

0

T T T T
500 1000 1500 2000 2500

Aging time (hr)

Fig. 10 Variation of the dielectric loss factor vs the aging time

1300

12501

1200

Rt + 1 S.D (10° Ohm)

1150

R, = 1250,39361 - 0,01324*t with R?= 0,71499

0

T T T T
500 1000 1500 2000 2
Aging time (hr)

Fig. 11 Variation of the surface resistance vs the aging time

Table 6 Kendall rank
correlation coefficient matrix

500

As indicated in Fig. 11, we can observe a reduction of the
surface resistance of the material (R) along the aging. The
decrease of surface resistance of the sample can be explained
by the depolymerization of the material caused by the photo
degradation. The relationship between R, and the aging
time regarding the applied conditions can be expressed as:
R,=1250.39361-0.01324*t with R>=0.71499.

3.6 Cross Correlation Assessment

The calculated results of Kendall rank correlation coeffi-
cient for each set of measurements is shown in the Table 6.
The significance test results (p value matrix) are shown in
Table 7. Within our study, we considered two sets of param-
eters to be correlated when the correlation coefficient is
higher than 0.7 and p-value less than 5%.

From the obtained calculations, it appears that three
pairs of parameters [(CI, R,), (CA, Tan 6) and (O/C, CI)]
are strongly correlated along the UV aging. Two other pairs
[(CI, Tan d) and (CA, CI)] are correlated but requires a
larger set of samples in order to decrease the relatively high
p-value.

Based on the above tables, joint evolution curves was
plotted as indicated in Figs. 12, 13, 14, 15 and 16. It appears
form each figures that a joint evolution model can be gener-
ated leading to the prediction of a parameter using the value
of its correlated measurement.

Figure 12 is clear evidence that the realized measure-
ments are in agreement with the degradation process

R, FTIR (CI) CA

Color Change  Shore A EDX (O/C) EDX (Al/C)

059 —073 099 —033 019 -08 ~06 Tan
~0.86 059 0.6 033 -08 ~06 R,
073 006 0.19 1 0.8 FTIR (CI)
~033 019 -08 ~06 CA
0.06 0.2 0.4 Color change
0.2 0.4 Shore A
038 EDX (O/C)
Table7 p-value matrix R, FTIR(CI) CA  Color Change Shore A EDX (O/C) EDX (Al/C)
0.132  0.060 0.008  0.452 0707 0.086 0.220 Tan &
0.024 0132 1 0452 0.086 0.220 R,
0.060 1 0707 0027 0.086 FTIR (CI)
0.452 0707 0.086 0.220 CA
1 0.806 0.462 Color change
0.806 0.462 Shore A
0.086 EDX (0/C)
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31oc= -1,64272 + 5,26382*Cl with R*>=0,99376

0,4 0:6 0,8
Carbonyl Index (pu)

Fig. 12 Joint evolution of the O/C weight factor vs the Carbonyl
Index along the UV aging

1300
R, =1251,76382 - 1,08744E-5*exp(17,67952*Cl)
with R?=0,90535

£ !

O 12504 I <

(=]

o

a

7]

W 1200

&

1150 :

0,4 0:6 0,8
Carbonyl Index (pu)

Fig. 13 Joint evolution of the tangential resistance vs the Carbonyl
Index along the UV aging

Tan 6 = 0,01471 + 3,14301E-7*exp(0,09291*CA)
with R?=0,97433
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Fig. 16 Joint evolution of the dielectric loss factor vs the Carbonyl
Index along the UV aging

which is supposed to appear along the UV aging. Indeed,
the oxygen proportion is rising in a linear way with the
carbonyl index. It is possible to state that each of these
two measurements can substitute the other for the assess-
ment of the oxidation level. The strong positive linear rela-
tionship between the O/C ration and the Carbonyl Index
can be expressed as: O/C =— 1.64272+5.26382*CI with
R*=0.99376.

From Fig. 13, we observe the strong correlation between
the surface resistivity and the carbonyl index suggesting
that the oxidation of the material has a direct impact on
its surface conductivity. The relationship between R, and
the Carbonyl Index can be expressed as: R,=1251.76382
— 1.08744E — 5*exp(17.67952*CI) with R>=0.90535.

As shown in Fig. 14, the strong correlation between the
contact angle and the dielectric loss factor indicates that
these parameters are governed by the same degradation pro-
cesses. The relationship between Tan d and the contact angle
can be expressed as: Tan §=0.01471+3.14301E — 7*exp(0
.09291*CA) with R*=0.97433.
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As we can observe in Figs. 15 and 16, the oxidation of
the material has a direct impact on the hydrophobicity and
the dielectric loss factor. This degradation process leads to
the establishment of relationships expressed as: CA=111.
79232-0.2751*exp(5.9757*CI) with R?=0,95781and Tan
§=0.0140940.07326*CI — 0.16885*CI*+0.0986*CI* with
R?=0.61174.

4 Conclusion

In this paper, we have carried out a multiscale analysis of
EPDM based material used as a housing of a high voltage
composite insulator. The latter was submitted to simulated
arid environment aging. The joint evolution of the thermal,
chemical, morphological, mechanical, electrical and dielec-
tric behaviors was investigated. The results of this study led
to the main conclusions listed as below:

e From the thermal analysis of the material, it appears
that a crosslinking process takes place along the applied
weathering.

e Upon weathering aging, it was not possible to detect any
change of T, by DSC method whereas modifications of
the thermomechanical transition associated to the T, of
the material were observed by DMA analysis. DMA
method is found to be more appropriate for the analysis
of surface degraded samples than DSC technique.

e The TGA technique showed that the applied weather-
ing didn’t cause a degradation of the thermal stability of
material’s components.

e The formation of oxygenated spices within the material
continues along the aging. Their increase tends to be less
important after 1000 h of aging.

e The atomic ratio O/C and the carbonyl index are corre-
lated with linear trend along the applied UV weathering.

e The hydrophobicity of the EPDM is drastically affected
by the UV aging. For the applied weathering, the surface
contact angle decreases linearly along the aging time.

e The dielectric loss factor decreases along the applied
weathering. Stabilization is observed after 1000 h of
aging which is a similar behavior as measured for the
carbonyl index.

¢ A depolymerization during the UV aging was witnessed
in this study causing the decrease of the surface resist-
ance.

e The established correlation between the surface resis-
tivity and the carbonyl index indicates that the oxida-
tion of the material has an impact on the surface con-
ductivity only after a given threshold which is equal to
0.75. Antagonist behavior of the dielectric loss factor is
observed. Indeed, tan o decreases drastically until the

@ Springer

carbonyl index reaches the threshold of 0.75 and then
stabilizes.

e The surface contact angle decreases monotonously when
the carbonyl index increases.

e The established regression models via the proved cor-
relations are useful tools for experimental studies. Those
models can be used for the prediction of the life time
of the insulator’s housing and a helpful support for the
degradation assessment of the high voltage composite
insulators.

e Our contribution consists in the establishment of the joint
evolution models which make possible the assessment
of the chemical and morphological status of the aged
samples via electrical and dielectric measurements.

e Taking in consideration the established joint evolution
models, the characterization campaigns of a set of sam-
ples can be optimized by reducing the measurements
number.

e Further research can be done to study the cross-corre-
lation which may occur for different type of stress con-
dition as the marine environment or chemical pollution
exposition.

e By enriching the obtained results with additional meas-
urements to enlarge the characterization database,
machine learning methods can be applied to create an
artificial intelligence model used to predict the material’s
behavior along the aging time considering the chosen
EPDM’s based structure.
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