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Abstract

Electron spin resonance (ESR) study is carried out to characterize thermal endurance of insulating materials used in power cable industry.
The presented work provides ESR investigation and evaluation of widely used cable insulation materials, namely polyvinyl chloride (PVC)
and cross-linked polyethylene (XLPE). The results confirm the fact that PVC is rapidly degrades than XLPE. The study also indicates that
colorants and cable’s manufacturing processes enhance the thermal resistance of the PVC. It also verifies the powerfulness and the importance
o ndard 216-
p SR-method
s ble insulation
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f the ESR-testing of insulation materials compared to other tests assumed by International Electrotechnical Commission (IEC) Sta
rocedure, e.g. weight loss (WL), electric strength (ES) or tensile strength (TS). The estimated thermal endurance parameters by E
how that the other standard methods overestimate these parameters and produce less accurate thermal life time curves of ca
aterials.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Polyethylene (PE) and polyvinyl chloride (PVC) are
he principle materials used in the wire and cable industry.
hey provide insulation and jacketing for more than 30,000
ifferent types of wire and cable products[1]. The easy
rocessing and good insulation performance of PVC make it

he polymer of choice in power cable construction. However,
he recent technological improvement in insulation manufac-
uring trends toward using cross-linked polyethylene (XLPE)
nd other polymers that are more resistant to degradation

rom treeing than PVC in the high voltage cable construction
2–5].

During insulation manufacturing, plastics are exposed
o heat that lead to degradation. The final product depends
n the type of plastic, the additives used and the processing

emperature. Although degradation cannot be eliminated
ompletely, it must be held to a minimum to keep the high
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quality of the final products. However, the low therm
stability of PVC has been an area of intensive rese
the relationship between microstructure and degrad
behavior is still not fully understood.

There are many conventional and analytical tes
methods available for thermal endurance characterizati
insulating materials[6]. The main advantage of the analyti
tests to that of the conventional methods are their abiliti
reduce test times without losing accuracy and practical si
icance of the results. Thermo-gravimetric analysis[7–9] and
relaxation measurements[10] are two well-known analytica
methods. Electron spin resonance (ESR) method, also c
electron paramagnetic resonance (EPR), is another ana
method that has special potential in material degrad
analysis. It is well-known that ESR spectroscopy is
only technique established to detect radicals from diffe
sources[11–13]. Also, it has been widely used in polyme
degradation analysis[14,15]. However, it has been nev
used for thermal endurance characterization of man
tured and raw insulating materials used by cable indus
yet.
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The present investigation will demonstrate direct testing
and evaluation of thermal aging on widely used insulation
materials (PVC and XLPE). The determination of thermal
endurance characteristics of raw and manufactured samples
from major national cable factories using ESR spectropho-
tometer will be conducted. The study and analysis will be
carried out to simulate thermal stresses, and hence evaluate
the life time property of the cable insulation materials. The
results can be extended from application of life tests to
more improvement and higher quality of cable’s insulation
materials and its manufacturing processes.

2. Experimental

2.1. Materials and sample’s preparation

Raw and manufactured plastics were collected from
national cable factories. The raw materials were collected
from cable manufacturer while the processed materials of
these plastics were taken from newly produced cable samples.
The experimental tests were performed on the samples as
received. The tested samples were made of tiny pieces, which
were placed into glass tubes of 25 mm length and 2 mm inner
diameter (i.d.) of a mass of about 0.1 g. The tubes were tagged
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2.3. ESR spectroscopy

Varian E-line series spectrometer was used to detect the
electron spin resonance spectra of the plastic samples. All the
ESR-spectral properties of these samples were performed at
room temperature using cylindrical cavity along with 9 GHz
Microwave Bridge. The working parameters of the spectrom-
eter are as follows: time constant = 655 ms, modulated fre-
quency = 25 kHz, modulation amplifier = 1 mT, microwave
frequency = 9.34 GHz, signal gain = 104, sweep time = 120 s
and sample temperature = 22◦C. These instrumental factors
were carefully selected to maximize signal intensity.

3. Results and discussion

3.1. ESR results

Representative samples from the collected ESR-spectra of
PVC and XLPE insulation materials during their aging pro-
cess are illustrated inFig. 1. The major difference between
the non-aged and aged spectral properties is the appearance
of a singlet peak in the middle region in the graphs of the
deteriorated samples. Similar ESR-pattern was reported dur-
ing thermal degradation[16–18], photo degradation[19,20]
o t
w nd

Fig. 1. Samples of ESR spectrographs of raw PVC red-colored (RPVR) and
of raw XLPE non-colored (RXLN) as received (non-aged) and after aging
at 220◦C for about 23.5 h. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
s given inTable 1, where the first character, R or M, stan
or raw or manufactured samples, respectively, the se
nd the third characters were chosen to symbolize pla

ype, while the last character is for coloring condition; N
on-color and R for red-colored insulation materials.

.2. Thermal aging unit

A well-design device to control thermal conditions w
sed to age plastic samples at 130, 170 and 220◦C. The device
onsists of a heater tape, sample holder inside a well-iso
ontainer that is equipped with a pre-programmable
ontroller. Cole-Parmer Digi-Sense temperature controll
.1◦C resolution supplied power to the heater and con

ts temperature as programmed using temperature senso
ype thermocouple and personal computer software. Ext
hermometer was placed inside the sample holder to sho
ctual temperature of the heating environment of the a
rocess. This was used as reference to confirm the th
tability of the unit as function of time.

able 1
agging of insulating materials used in the experiment

ample no. Insulating material type Tag

Rawa PVC non-color RPVN
Raw PVC red-color RPVR
Manufacturedb PVC red-color MPVR
Raw XLPE non-color RXLN
Manufactured XLPE non-color MXLN

a Raw materials used in cable industry.
b Manufactured power cables insulation.
-

r chemical dehydrochlorination[21] of PVC compound. I
as also observed in the�-irradiated polyethylene compou
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Scheme 1. Proposed molecular radical of degraded plastic samples.

sample by doses of several thousands megarads[22–25].
In accordance, the appearance of the presented ESR-pattern
in Fig. 1 of the degraded plastics can be attributed to the
formation of conjugated polyene macroradical systems
(Scheme 1) as an essential thermal degradation product.

This chemical change confirms physical changes, in gen-
eral plastic degradation, which favors treeing inception and
growth up to breakdown when voltage is applied[26,27].
Fig. 1also shows that the ESR-peak intensities, which are cor-
related with the amount of the radical contents of the studied
sample, of the aged PVC is almost 10 times the observed one
of the aged XLPE sample. This high intensity of the aged
PVC samples compared to XLPE is attributed to the ease
of PVC degradation and is correlated very well with known
stability of XLPE insulation materials toward thermal degra-
dation relative to PVC materials.

Since the purpose of this experiment is to achieve
thorough thermal endurance characterization of the insu-
lation, the thermal degradation of the studied samples was
diagnosed using ESR-measurements and weight loss (IEC
216 Standard method) at 130, 170 and 220◦C [28] as a
function of time. In the case of ESR-measurements, series
of spectral measurements were performed and then their
peaks’ height-to-through were plotted as a function of time
of aging (Fig. 2) to pinpoint the starting of the degradation.
The time of the onset points (point at which ESR-peak
s ailure
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Fig. 2. Accumulation of polyene radicals per sample (raw PVC non-colored,
RPVN; raw PVC red-colored, RPVR; manufactured PVC red-colored,
MPVR; raw XPLE non-colored, RXLN and manufactured XLPE non-
colored, MXLN) during aging at 130◦C. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the
article.)

of aging period, similar heights are obtained by all PVC
samples. The enhanced degradation of non-manufactured
PVC samples may be attributed to the production of the
corrosive HCl-molecular system as by-product but with
much large quantity than those produced from the manufac-
tured system. On the other hand, the manufactured XLPE
samples introduce more radicals than the non-manufactured
one. This is correlated with absence of the HCl and it
is also in good agreement with the known properties of
the manufactured XLPE, which lose its basic properties
during its manufacture processing, and hence cannot be
recycled.

3.2. Life time analysis

In accordance with IEC Standards 216, insulating
materials are classified on the basis of their “temperature
index” (TI) [28] temperature corresponds to a time to reach
the end point, failure criterion, of 20,000 h. Another quantity
is proposed for this rationale is the “thermal endurance
profile” (TEP) that is used to drive an endurance coefficient
(B) where the higher the endurance coefficient is the greater
should be the thermal endurance. One of the basic diagnostic
tests to derive these endurance parameters is the aging test
that will be carried out on cable specimens to age their
p in
[ the
tarts to appear) was selected as the end point or the f
ime (time-to-end-point or life). Close examination of
eported results inFig. 2 can be used to estimate the eff
f cable processing and coloring additives to the insula
aterials. Generally, non-linear thermal behavior of

tudied plastic samples is observed, except: (1) onset
egradation process and (2) intensity of the ESR-peak w

he reported aging period. Although the peak-to-heigh
he produced radicals has to reflect linear relation with
mounts, the expected intermolecular interaction of t
adicals to produce new materials can explain the obse
on-linearity.

The detected earliest onset of degradation of raw
Fig. 2) compared to the other types of plastic can be lin
o the nature of additives, colorant or stabilizer and t
hermal stability. Firstly, this confirms the observed h
ntensity of PVC-ESR-signal compared to XLPE (Fig. 1)
hat was attributed to the plastic stability toward ther
egradation. Secondly, the early onset of the PVC
olored compared to PVC colored provides evidence o
election criteria of pigments used in cable industry that
nhance polymer stability. Moreover, a close analysis o
eak-to-through results inFig. 2around 800 h of aging perio

ndicates that raw PVC contains about 2.5 more radical
he manufactured samples, while around and after 15
lastics without waiting for their failure. According to Dak
29] the use of so called Arrhenius thermal life equation
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Fig. 3. The onset of the degradation based on weight loss (A) and ESR (B) results at 170◦C (�) and 130◦C (�) of manufactured red-PVC sample from medium
voltage cable. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

failure time can be explained using:

L0 = L′ exp

(
B

T0

)
(1)

B=W/k, whereW is the activation energy,kBoltzman’s con-
stant and the higher the activation energy is the greater should
be the thermal endurance.T0 is the absolute room temperature
andL′ is a constant for the material under consideration that
equals the life of material when temperature tends to infinity.
Eq. (1) has been modified to represent the “conventional”
thermal stress and then can be used for life time analysis (L)
at any applied temperature (T) to produce deterioration:

L = L0 exp(−B cT ) (2)

wherecT = 1
T0

− 1
T

= T−T0
TT0

. The conventionality is derived
from choosing the room temperature as the reference one,
where the thermal stress is explicitly represented bycT,
which is equal zero at room temperature.

To justify the reliability of the ESR-procedure, thermal
aging and hence life curve derivation are investigated for
the PVC and XPLE insulation materials using ESR-spectral
results and weight loss (IEC Standard method) results.
Figs. 3 and 4show the output of these methods of the man-
ufactured PVC and XLPE, respectively, against aging time.

The time scale in the graph was placed into logarithmic scale
because there is a possibility of putting very short and very
long times in the same graph and as shown in Eq.(1) the life
parameter of thermal stress is of exponential type. Following
the IEC Standard 216 of failure criteria (0.5% loss of weight),
the end point of thermal stress is identified of all the samples
and compared to the onset time of the plastic deterioration on
the bases of their radical’s contents in the ESR-spectra. The
listed results inTable 2indicates that the weight loss exper-
iment overestimates the predicted failure times compared to
those values achieved by ESR experimentation, where the
estimated aging time of PVC-samples from weight loss is

Table 2
Failure time in hours of PVC and XLPE insulations based on weight loss
and ESR testing

Test Samples

RPVN RPVR MPVR RXLN MXLN

Weight loss
Failure time at 170◦C 32 37 53 400 350
Failure time at 130◦C 230 380 410 3000 3800

ESR
Failure time at 170◦C 21 23 30 110 60
Failure time at 130◦C 120 200 230 1200 1050
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Fig. 4. The onset of the degradation based on weight loss (A) and ESR (B) results at 170◦C (�) and 130◦C (�) of manufactured non-color-XLPE sample
from medium voltage cable.

Table 3
Thermal life equation parameters of Arrhenius equation (L0 andB) and temperature index (TI) of PVC and XLPE insulations based on weight loss and ESR
tests

Thermal life parameters Samples

RPVN RPVR MPVR RXLN MXLN

Weight loss
L0

a 683578.0 4800864.6 1641750.9 10595559 60141090
Ba 8803.0 10396.0 9131.2 8993.0 10644.0
TIb 61.6 76.3 71.0 98.4 106.2
HICc 8.8 8.1 9.0 10.6 9.3

ESR
L0 140715.3 1286773.9 888040.3 19363066 115128243
B 7726.5 9587.7 9029.4 10593 12688.0
TI 45.6 65.0 63.4 91.3 95.7
HIC 9.0 8.2 8.6 8.6 7.4

Electric strengthd

L0 – – – – 177355330
B – – – – 12669.9
TI – – – – 101.2
HIC – – – – 7.8

a Using thermal graph slope and intercept.
b The temperature at which the insulation materials will reach the end point, failure criterion, after 20,000 h.
c Halving interval (HIC): the temperature interval, in “C, expressing the halving of the time-to-end-point taken at the temperature corresponding toTI. It is

related to life-line slope (b) of Eq.(3): HIC ∼ (TI + 273)2 log(2/b).
d Ref. [27].
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Fig. 5. Life curves (upper graph) and temperature index (lower graph) of
manufactured XLPE and PVC systems using different analytical methods:
weight loss (WL), ESR and electric strength (ES) tests.

almost twice their correspondence from ESR and it is about
three times higher of XLPE-sample at 130◦C and five times
at 170◦C.

Arrhenius graph using the logarithmic form of the “con-
ventional” thermal stress equation:

log tL = a + b

T
(3)

has been used to calculate the insulation materials’ life param-
eters: life time at room temperature (L0), endurance coeffi-
cient (B) of the studied systems, the temperature index and
halving interval (HIC) values. The obtained values of these
parameters are listed inTable 3. In general, the estimated
L0-values of PVC materials at room temperatures (22◦C)
using ESR results is shorter than the one estimated by weight
loss, while for XPLE, it is longer. Similar trends are also
observed in the values of the temperature endurance coeffi-
cient (B). These trends may indicate that two opposite thermal
behavior are encountered by the different experimental tech-
niques. However, the life curves of both PVC and XLPE
(Fig. 5) clearly indicate that other analytical methods than
ESR, e.g. weight loss (WL) or electric strength (ES)[6] over-
estimates the thermal endurance of the studied samples. This

is expected since ESR spectroscopic method, as reported ear-
lier, is the only method able to identify accurately the onset of
the polymer deterioration. These results point out that it is not
enough to evaluate thermal endurance parameters separately
while relationship between temperature and life as illustrated
in the “thermal endurance profile” is very important.

4. Conclusion

Thermal history of cable insulations is essential criteria
to predict cable’s life. It consists of two factors: (1) tem-
perature and (2) exposure time. This ESR-spectral result
adds third factor molecular properties of the studied sam-
ples. Thermal deterioration of the insulation materials over
time is a well-known property. The ESR results show clear
evidence that the thermal behavior of XLPE insulation is bet-
ter than PVC insulation that is in good agreement with the
well-known properties of XLPE. The results also confirm
that colorants enhance the thermal stability of PVC insulat-
ing material. Moreover, this analytical procedure is the most
direct one yet to pinpoint the starting time of the accelerated
thermal degradation. It is also remove the doubt on finding
the end-point criterion using different conventional methods,
e.g. residual electric strength, tensile strength and/or decrease
of weight, to achieve a unique thermal endurance graph,
w ility
o rved
t char-
a ained
b able
m such
t the
t insu-
l mes
a light
o la-
t try.

A

itute,
K ),
u 13
a . The
a nan-
c pre-
c ples
a

R

ucts
c.,
hich can be related to degradation and loss of reliab
f cables in service conditions. Finally, it has been obse

hat ESR-measurements can provide thermal endurance
cterization consistent with or even better than those obt
y the other conventional methods for any insulation c
odels; this could promote a more extensive use of

echniques. In fact, it offers the possibility to investigate
hermal endurance of new materials suitable for cable
ation and based on PVC and XLPE, in relatively short ti
nd accurately. This seems to be an important goal in the
f improving reliability and performance of polymeric insu

ions for high-voltage electrical applications in cable indus
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