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ABSTRACT

While much work has been performed in the area wet aging less is known of the aging of XLPE
insulations in a dry environment. This Technical Progress Report presents the results of the first
task of a project to determine the effects of dry aging on XLPE insulations. First an aging model
is proposed starting with its basic concepts. Later on the influence of the polymer morphology
are explained and the impact of the sample size on test results. The aging model will be
compared with two other known models. In addition the report predicts the effect of high
temperatures on the aging of XLPE cables. The conclusions of the report are separated in
practical and fundamental considerations. Tasks 2 and Task 3 of the overall project are
addressing the relation between electrical aging and breakdown strength and the development of
a simple and reliable test to estimate the remaining life respectively and will be completed next
year.
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EXECUTIVE SUMMARY

A model of dry electrical aging of extruded cables is discussed. It supposes that aging is a thermally activated
process with an apparent activation energy depending on the stress induced by the electric field. As expected,
experimental data for XLPE cables shows, at high fields, a linear relation between the square of the field and the
logarithm of time. At fields below ~15-16 kV/mm, the breakdown field at 22°C decreases extremely slowly with
aging time. This is explained by the fact that below such field the amorphous phase of the polymer is more or
less elastically deformed. The electrically-induced deformation of the polymer is supported by experimental
evidence obtained by various laboratory techniques. Above 16 kV/mm most of the free volume at room
temperature has been compressed and submicrocavities are then formed (i.e. weak van der Waals bonds are
broken). It is our assumption that aging is now “permanent” and it obeys the semi-log plot experimentally
observed. It is possible to determine the activation energy AG of this process from the intercept in the F? vs. log. t
plots. The slope of these plots is proportional to the process activation volume AV, which is also related to the
material morphology. It appears that the AV values deduced from experiments vary somehow with the size of
the tested samples. There are not enough detail in most published results to be able to presently give an exact
description of this significant effect. An empirical equation is nevertheless proposed. It is also possible that the
results obtained with molded thin films were due to a higher crystallinity associated with the high pressure during
the molding process. This means that results obtained with such samples are possibly not directly comparable
with results obtained with actual cables. It was deduced that impurities decrease the AG value whereas the

addition of ethylene ethyl acrylate (EEA) leads to an increased AG value.

The two other major aging models, namely Montanari/Dissado and Lewis models, were reviewed. The main
difficulties with the first model are the very complex equation relating life and field and also the assumption that
there is nearly no aging below the so-called threshold field, i.e. 15 kV/mm. Experimental results indicate that the
breakdown field continue to decrease with increasing time. In the Lewis model there is presently no equation
relating directly life and field. Calculations made with this model show that it could describe very well the high
fields regime but it is less successful with the low fields regime. Considering the greater simplicity of our model

and the good fits to experimental results, we conclude that it is the most appropriate electrical aging model.

We have applied the model to high temperature data but unfortunately, there are only limited results obtained in
air at 60 and 90°C. In fact, most published high temperature tests were performed with cables soaked in water or
under temperature cycles. The latter case is particularly difficult to analyze since we do not know exactly the
polymer's morphology behavior under continuous heating and cooling. There are plenty of measurements
indicating that under annealing at high constant temperature, the polyethylene morphology is considerably

modified. However, there is nearly nothing published for aging under cyclical conditions and this makes difficult



the development of a reliable aging model. Results obtained under constant temperature at 60 and 90 °C could
be described by the model using the appropriate thermal properties of the polymer. The same sample size
influence observed at room temperature was also noted. This may well explain the differences observed
between the various tests and a more definitive conclusion would need results obtained under well controlled
conditions. Increasing the temperature leads to a small reduction of the critical field below which aging is more
limited. It should be noted that the high fields regime of same size samples aged at 22 and 90 °C are not very
different, indicating that high constant temperature is accelerating electrical aging only slightly. This is largely due
to the fact that the increase of AG with temperature is compensated by an equivalent increase of AV due to
thermal expansion. It was possible to extrapolate the basic thermodynamic properties of XLPE from the limited

high temperature dry aging data.
Among the many question marks raised by this study, the following ones are of major importance:

- Influence of sample size: this has to be confirmed by more data, especially if one wants to translate the

accelerating aging results obtained with small laboratory samples to full length cables.

- Influence of the polymer morphology under constant and under cyclic temperature: morphological
measurements performed on well controlled samples would give a precise equation between AV and
morphology, i.e. this would allow reliable cable life predictions, as long as the morphology of the insulation is

known.

- Significance of accelerated aging tests performed at room temperature: these tests are useful for
comparative purposes and their results could be predicted with the proposed model; their ability to simulate

actual aging under service conditions appears to be questionable.



1. Objectives and Scope of this Report

Electrical aging of polymers is still poorly known although it has a major influence on the lifetime of extruded
cables. Accelerated aging results are usually obeying a power law relation between aging time t and
breakdown field F, such as t = CF~ ", where C and n are constants characteristic of the cable. Results plotted
on log field vs. log time graphs are expected to fit a straight line, as shown in Fig. 1.1. We have shown in
previous work for EPRI (1) that life extrapolations made from such graphs are, at best, dubious since the linear
relation between log field and log time does not hold for long aging times (Fig. 1.2) and it is not always evident
at short aging times (see dashed line in Fig. 1.1). In fact, results fit much better a semi-log plot between F and
log t. We have proposed an aging model that describes very well actual accelerated aging data (2,3). A new
revised model of aging for extruded cables is presented in this report where its predictions are validated
against experimental data obtained in air at various temperatures. There are few other models able to predict
lifetime at the temperatures where most transmission cables operate (4-8). They are examined in some detail
in this study and a thorough comparison between their predictions and existing data obtained after aging in air
is made. Interestingly, most of the recent data published on XLPE was obtained with thin films, whereas older
data was obtained with actual or miniature cables. This would allow to determine if aging results obtained with

the two different geometry are similar.

In the second phase of this project, we will investigate the correlation between the aging and breakdown. An
eventual test allowing to deduce the aging parameters from fast breakdown measurements would save money

by greatly shortening acceptation and after-laying tests.
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Figure 1.1- Typical representation of accelerated aging results obtained with 400 kV XLPE cables aged
in air under different temperatures (9). Note the larger breakdown strengths after aging under

temperature cycles and also the good fit to the data given by the dashed curve.
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Figure 1.2- Aging results of Bahder et al. (9) and Montanari et al. (4) obtained in air at 22 °C over a long
aging period. Clearly, the linear relation at long times is not obeyed and life extrapolation
made from high fields would be erroneous.

The main objectives of this report are:

¢ to validate our model for dry electrical aging of XLPE cables under various temperatures;
e to compare the predictions of three different theories with actual results in order to determine which
one is the most realistic;

e to propose a new approach to evaluate the polymer’s breakdown strength from thermodynamic and
physico-chemical properties.

The expected benefits are:
« higher reliability in cable life prediction, meaning better planning for cables replacement, i.e. savings
for cable users in term of investments and repairs.
e time and money savings during accelerated aging tests.

e improved cables operation based on a better understanding of their optimal electrical and thermal

characteristics.



2. The Proposed Aging Model

2.1 Basic Concepts

Our original model based on the rate theory was described in detail elsewhere (1-3) and it assumed that
electrical aging is a thermally activated process. Thus, going from the original (unaged) state to the final (aged)
state requires a jump in energy (Fig. 2.1) over an activated energy barrier AG = AH — TAS, where AH and AS are

the activation enthalpy and entropy, respectively.
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Fig. 2.1- Schematic representation of the free energy diagram describing aging under zero field (a) and
under an electric field (b). In order to go from the unaged state to the final aged state, an
activated barrier AG must be overcome.



The rate (i.e. probability) K; of a forward displacement to the aged state is given by
K = (kT/h)exp (-AG/KT) (1a)

where h and k are the Planck and Boltzmann constant, respectively and T is the absolute temperature. There is

a rate K, for a backward displacement to the original state given by
K, = (KT/h)exp (-AG/KT) (1b)

The total rate is then equal to K= K; - K,, , that is zero for no field applied. In the presence of an electric field F,
the energy barrier is deformed (see Fig. 2.1) leading to an increased probability for the forward rate and, thus, to
an acceleration of aging. We have recently modified the model (3) to include a square-field dependence for AG,
in agreement with Lewis et al. (6,7) who proposed that the mechanical stress induced by the field may break
weak bonds when its value is larger than the Griffith criterion for crack formation (see Section 3). The term
reducing AG is the product of the pressure P induced by the field (Maxwell stress) and the activation volume AV

(i.e. the strained volume) associated with the process, i.e.
PAV = o g,€ F AV @
Where ¢, and €’ are the permittivity of free space and the dielectric constant of the polymer, respectively.
Substitution of Eq. 2 into Eq. 1a and 1b gives
K¢= (kT/h) exp (-AG /KT) exp (Y2 &, € AV FZ/KT) (3a)
Ky = (KT/h) exp (-AG/KT) exp ( - 2 &, € AV F?/kT) (3b)
Then, the total rate is
K=K;- K, = (kT/h) exp (-AG /KT) [exp (x) — exp(- X)] , where x = Y2 &, € AV FZKT (4)
Since: [exp (x) — exp(- X)] / 2 = sinh (x)
K = (2 kT/h) exp (-AG /KT) sinh (Y2 &, € AV F?KT) (5)

The time to go over the barrier being the inverse of the rate, this means that the time t needed to reach the aged

state is given by
t = (h/2kT) exp (AG/KT) csch(¥z g, € AV F?KT) (6)

Equation 6 predicts that at zero field, t will be equal to infinity since csch (0) = =. Thus, there will be some sort of

“tail” at low fields, where t will slowly tend toward = . At high fields, Eq. 6 reduces to



t = (h/2KT) exp [(AG-Y2 &, € AV F2)/KT] (7)

which predicts a linear relation between F? and log time. In Fig. 2.2 we have plotted various dry aging results of
XLPE cables as F? vs. log t and both the linear relation at high fields (Eq. 7) and the tail (Eq. 6) are indeed
observed. Thus, the main features predicted by the model correspond to actual data. From the slope of the high
field regime in Fig. 2.2 and from the intercept it is then possible to determine AV and AG, respectively. From a
practical point of view, this means that the AV and AG values of a given cable deduced from short term
accelerated aging tests (high fields) and Eq. 6 can be used to calculate the long term (low fields) life using Eq. 7.
It is also possible to estimate graphically the AV value at high fields by substituting the breakdown time and field
into Eq. 7 and by putting AGr = (AG - %2 &, € AV F2). The plot of AG vs. log F* (as in Fig. 2.3) should yield a

straight line at high fields with a slope giving AV and an intercept value at zero field giving AG.
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Figure 2.2- Dry aging results for various XLPE cables plotted as F2 vs. log t in agreement with Eq. 7. Note that

the results shown in Fig. 1.1 (x) also obey the same relationship above 1 20 kV/mm.

Figure 2.3 tells us that all XLPE cables have a AG value at 22 °C in the 1.82-1.9x10™ J range but their AV
values are widely varying from 1.7x10% m® to 3.3x10%* m®. Taking the AV values of the cables tested by
Montanari (4), Mazzanti (11) and Bahder (10) from Figs. 2.2 or 2.3 and substituting them in Eq. 6, we got the
solid lines shown in Fig. 2.4. Obviously, we have an excellent fit to high field results (> 15 kV/mm) but no
description at all of the low field results. Clearly, we need to take at least another parameter into account and we
examine in Section 2.3 the influence of field on the polymer morphology. Before that, we will discuss the

relations shown in Fig. 2.5 between the AG and AV values deduced from the high field regime.
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Figure 2.4- Comparison between experiments (symbols) and calculations (solid lines) for the Bahder et al. (10),
Montanari et al. (4) and Mazzanti and Montanari (11) results. Other results (9,12-14) illustrate the

fact that all authors get fairly similar breakdown field values after 10,000 h of aging in air at 22°C.
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Figure 2.5- Relations between AV and AG deduced from the high field regime (> 15-20 kV/mm) for various
XLPE cables (4,9,12-14) and films (7,15,16) aged in air at 22°C. These values were calculated from

the slope and intercept, respectively, in F° vs. log. t plots (Eq. 7).

It is quite obvious in Fig. 2.5 that both parameters are somehow related whatever the samples geometry
or moulding process. We propose that aging is depicted by the AG and AV values shown in Fig. 2.5 above
a given critical field,F., whose typical value is in the 10-20 kV/mm range. Its precise value can be
estimated by supposing that above F. submicrocavities are formed. Lewis et al. (6) have shown that the
mechanical stresses induced by electric field can lead to weak bonds breaking and, thus, to microcrack
formation Obviously, the low strains generated by fields in the 10-50 kV/mm range, it is impossible to think that
the broken bonds are the backbone bonds with their strength in the 1-3 eV (1.6 - 5x10™"° J) range. The weaker
bonds in a polymer are the van der Waals bonds with strength as low as 0.1 eV (1 6x10%° J). Eyring (21) and
Wunderlich (22) have shown long ago that a precursor step would be what Eyring called “hole” formation, which
is equivalent to the “submicrocavities” detected by Zhurkov (23) during the mechanical aging of many polymers.
In all cases, weak molecular bonds are stretched under the application of a stress up to a point where they are
broken and free radicals are formed, initiating irreversible aging of the material. According to Eyring (21) the

energy E;, required to generate a “hole” is related to the energy of cohesion of the polymer E.,, (1.6-1 8x10%° J

for PE), to the “hole” volume vy, and to its molar volume V by

En=EconVn/V (8)

Wunderlich (22) has estimated a hole energy of 5x102" J for PE at 237 K, its glass transition temperature T,
Since E., decreases with T with a slope of 1.38x10% x(T, -T), this means a E;, value of 4.2x10%' J at 295K .
Thus, when the work done by the field (Eq. 2) will be equal to 4.2x10®' J (at room temperature), “holes” or

10



submicrocavities (defects in a general sense) will be formed because weak bonds would have been broken.
Assuming that the activation volume for the forward and backward processes depicted in Fig. 2.1 have the same
value, this means that the deformation on each site of the energy barrier has only to be equal to half the above

work value to induce an energy reduction equal to E,. Substituting PAV by E; into Eq. 2 gives the critical field

Fo=[% En/(V2 £ € AV) ]V ©)

For example, the Montanari et al. (4) results yield a AV value of 102 m® at 22°C, therefore F. should be 15
kV/mm, which is in excellent agreement with the experimental field range of 13-18 kV/mm (see the abrupt
change of slope in Fig. 2.4). Interestingly enough, the F. value deduced from morphological properties and
electrical aging of XLPE is in very good agreement with the so-called threshold field of 18 kV/mm determined
from polarization measurements by Montanari et al. (25) (filled symbols in Fig. 2.6). After aging under F > F,
bonds have been broken which leads to a reduction of the energy of cohesion of the polymer and, then, to a
lower Ey,; ultimately, F. would be lower (Eq. 9), as observed in Fig. 2.6.
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Figure 2.6- Polarization results (23) obtained with unaged (filed symbols) and aged (unfilled symbols)
XLPE films.

It is our contention that above F., weak bonds are broken allowing molecular chains rearrangement. This
process requires a constant activation volume value typical of the material used. It should be noted that AV is

usually defined as (6)

AV = strain x V* (10)

11



Where V* is the volume most susceptible to be deformed, which is likely to be the amorphous phase of XLPE.

Thus, AV seems to be associated with the local morphology of the polymer.

2.2 Influence of Morphology on Activation Volume

Another feature of the proposed model is that below F. the polymer is deformed more or less elastically by the
applied field. This physical deformation will affect the life of the insulation, contrarily to the predictions of other
models based on a threshold field below which there is no aging. As discussed above, the electric field induces
a mechanical pressure and therefore a strain in the polymer under voltage. The strain value s as a function of

field is given by
s =Yg, & FY/ Eq (11)

where E; is the elastic strength, i.e. ~ 15MPa (or MN/mZ) for XLPE at 22 °C. It is customary to use the Young
modulus (whose value is ~ 200 MPa for XLPE at 22 °C) for strain calculations but the applied stress is low
(below 1 MPa) and, in this case, Zeller (17) has pointed out that the elastic strength was a more appropriate

parameter.

Evidence for the deformation of PE by field is provided by the change of capacitance C (i.e. change of sample
thickness) AC measured by Sakamoto and Yahagi (18) shown in Fig. 2.7. Not only the change of capacitance is
varying with F? but the strain calculated from Eq. 11 fits extremely well the measured ratio AC/C. At low fields,
the change of capacitance reduced to zero when the sample was grounded. However at high fields, it never gets
back to zero, as shown in Fig. 2.7, supporting our contention that above Fc the polymer is “permanently”

deformed. This permanent deformation is the cause of accelerated aging.
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Figure 2.7- Measured change of capacitance (18) and field-induced strain as a function of square of field.
The arrows indicate that voltage was first increased (open symbols) and then decreased (filled
symbols). Note the hysteresis effect when the field is lowered.
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Polyethylene is composed of a crystalline and an amorphous phase and the latter is much more easily
deformed by stresses (at least, under low strains). This has been demonstrated by various morphological
measurements, such as the positron annihilation spectroscopy that measures very small changes in the
free volume (or the development of tiny defects) in polymers. We see in Fig. 2.8 that the amorphous
phase fraction decreases with field and levels off around 15-20 kV/mm, that is for a strain of ~1.5-2.7x10™
(from Eqg. 11). When the amorphous phase has been completely deformed, bonds breaking will occur because
the crystalline phase is much tougher. In an attempt to get a definitive evidence for the submicrocavity
formation Meunier and Crine had reported some years ago Infra-Red (IR) spectroscopy measurements
performed on PE subjected to high DC fields (24). They observed that above ~ 12-15 kV/mm, the intensity
of some IR bands was affected by the field. The larger influence was on the CH, rocking doublet (the so-
called crystallinity band) at 620-630 cm™' that increased by 15 and 9%, respectively under F=40 kV/mm.
When the field was applied for long periods of time (> 20 h), they also observed that the discharge current
could suddenly rise by a factor of 2 or 3 for a duration of 1 or 2 h and then gets back to its former value.
This current variation was always associated with an increase in absorption of the IR doublet at 620-630
cm™. Although they were not able at the time to explain this behaviour, it seems now that it is somehow
related with the molecular rearrangement observed by positron annihilation spectroscopy (Fig. 2.8). It

confirms that the local morphology of XLPE is affected by fields above 15 kV/mm.
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Figure 2.8- Evolution of the amorphous (in and out of crystallites) fraction of LDPE in function of the
applied DC field as measured by positron annihilation spectroscopy (18).

The limited morphology measurements performed on XLPE subjected to high fields indicate that below F; the
morphology is slightly modified but it gets back to its original situation when the field is removed. This does not
seem to be the case above F.. It implies that AV, the strained volume, varies with strain, in agreement with Eq.

10, for the low field regime.
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With these results, it is possible to evaluate the strained volume V* from the AV values experimentally deduced,
from Eqg. 10 and from the strain value at F. calculated above. Table 2.1 gives some examples of calculated
values compared to results deduced after a best fit of experimental data. If we suppose that V* is essentially the
amorphous volume sandwiched between two crystallites, it is possible to estimate the approximate diameter of
the disk-shaped spherulite by assuming an average thickness of 100 A for the amorphous phase (19). The
calculated values indicate that the 50 um thick films used by Giriffiths et al. would be much more crystalline than
the Bahder’'s cable samples. Another possibility is that the materials and extrusion processes used for the
Griffiths et al. samples where very different from those used for the Montanari and Bahder samples
(manufactured at least 12 years earlier). It also should be kept in mind that Griffiths et al. aged their samples in a
bath of oil whereas others aged their samples in air. Whatever the explanation for the differences, we have
assumed that V* was very close to the amorphous volume of XLPE and we calculated the spherulite sizes
shown in Table 2.1. They are possibly a bit larger than expected for XLPE although they are not entirely
unreasonable, especially considering the fact that our calculation is a first order approximation. This needs to be
confirmed by physico-chemical measurements but there is a strong possibility that the aging behavior of XLPE is
highly affected by its local morphology.

Table 2.1- Estimation of the amorphous phase size from accelerated aging results and from Eq. 10.

Reference AV (F>F.)° V* calculated” V* exp.” Estimated
3 3 3 spherulite diameter
m m m
(m°) (m) (m°) (um)’
Montanari et al.(4) 10* 3.7-6.6x10™ 6x10™' 0.6-0.9
Bahder et al. (9) 2.9x10% 1,07-2x10%° 2x10%° 1.1-15
Griffiths et al. (7) 1.75x10% 0.65-1.1x10' 107 0.3-0.4

a: deduced from the slope of F* vs. log t plots (as in Fig. 2.2).

b: substituting the corresponding AV value into Eq. 10 and taking the strain at F, as 1.5-2.7x1 0*.
c: determined from best fits of experimental F vs. log t plots (see Section 2.4).

d: determined by supposing an amorphous phase thickness of 10 nm for all cases.

Thus, the activation volume varies differently with field in the two regimes observed in F vs. log t plots:

e Below Fc, it depends on the “elastic” properties of the molecular segments and it increases with the
strain (i.e with the square of the field) and with what seems to be the amorphous phase volume.

e Above F,, it is associated with submicrocavities formation. Thus, the strained molecules volume is
constant with field for a given sample morphology. The value of F. depends on the hole energy
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creation, i.e. on the cohesion energy of the polymer. In the following Section, we examine another

parameter that may have some influence on the AG and AV values.

2.3 Influence of Sample Size

The different AV values (deduced from the in F? vs. log t, as shown in Fig. 2.2) may be explained by different
morphologies, as discussed above, but there could be another parameter involved. It is well known that the
electrical breakdown value of XLPE may increase with decreasing sample thickness (see Fig. 7 of Ref. 26).
However, this does not seem to apply to the aging results examined since the Montanari (4) and Gherardi (14)
results obtained with the same 1.5 mm insulation thickness yielded very different AV values. In addition, the
Bahder cable (10) with a 1.27 mm insulation gives a much larger AV. Thus, the insulation thickness may play
some role but it is not the only geometric parameter. In Fig. 2.9, we have plotted the AV and AG values deduced
from aging of cables and of films as a function of the volume of the tested samples. Fairly linear correlation
appear to exist between the tested sample volume and the two other parameters. However, these curves must
be treated with care because the size of some samples (especially with the cables) was not very precisely
reported. Thus, errors of 25 % in volume estimates are well possible. Another problem is that the longest tested
cable seems to have been 1.5 m long; what happens with longer cables, such as those in service? There is a

definitive need for more aging data on samples of different sizes.
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Figure 2.9- Relations between AV (filled symbols) and AG (open symbols) and the volume of the tested samples.

A: cables; o: films. Aging at room temperature.
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Although it is difficult to establish a precise equation, it is nevertheless interesting to see that the AG/ AV ratio

varies with the sample volume V (Fig. 2.10) as
AG/AV = 4x10% x v 03 (12)

When V* (the amorphous phase volume, as discussed earlier) is plotted as a function of the samples volume, it

appears that both are linearly related (Fig. 2.11). A tentative relation is

V*=2x10%"+ 2.25x10"° v (13)
There is also a relation between AG/AV and V* given by

AG/AV = 1.1x10712 v+ 08 (14)

The exact significance of Egs. 12-14 is still not very clear and more work is needed to give a physical sense to

these experimental facts.

1.E+07

1.E+06

AG/AV (J/m?)
[ J

1.E+05 S
[ ] \

1.E+04

1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03
Stressed Volume (m?)

Figure 2.10- AG/AV ratio deduced from F? vs. log t plots as a function of the samples volume.

One very likely possibility to explain the volume and morphology effects is that both are interrelated. For
example, it is well known that thin moulded samples are usually more crystalline than thicker (and extruded)
samples. This could be due to the larger pressure during the moulding and also to the fact that their small
thermal mass allow them to cool much more rapidly. It is well known (19) that crystallinity and the amorphous
phase thickness are highly dependent on the extrusion process and on the cooling rate during the sample
preparation. A fast cooling rate usually leads to a higher crystallinity. On the other hand, the cables with the

larger volume would experience a much slower cooling rate and , therefore, would end with lower crystallinity.
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Thus the sample geometry may have an important influence on its local morphology, as shown by the radial
crystallinity gradient across the insulation of extruded XLPE cables. This would qualitatively explain very well the
relation shown in Fig. 2.11 but there is nearly no data available to be able to confirm this assumption. We would
need results obtained on samples with different lengths and also different diameters. Of course, we would also
need to test long ( 100 m) cables to verify if this also applies to them. It is not clear if the oil (or SFs) used to

avoid flashovers during aging may affect the activation volume and, thus, the sample life.

2.1E20

1.4E-20

V*(m?)

7.0E-21

0.0E+00 $ : : :
0.E+00 2.E-05 4.E-05 6.E-05 8.E-05
Stressed Volume (m?3)

Figure 2.11- Relation between V* and the samples volume. We assume that V* is somehow related to the

amorphous phase volume.

2.4 Comparison with Existing data

In summary, the model relies on two main parameters, AG and AV, that appear to be linearly related
through the influence of morphology and sample size. In the absence of a firm theoretical equation relating
all the parameters, it is still possible to get a fairly accurate description of the time evolution of electrical
aging of XLPE at 22 °C by using the following procedure.

The values of AG were determined from the intercepts of the straight line in F? vs. log t graphs. A very

approximate value could also be deduced from the results shown in Fig. 2.9 :

AG =1.84x10"7 + 6.25x10"" V (15)

The values of AV for F > F, were deduced from the slopes of the F? vs. log t graphs. An approximate

equation can be deduced from Fig. 2.9 as :

AV = 3x10% + 3.125x10%°V (16)
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These equations are rather crude and we have prefered to base our calculations on the values deduced

from the high fields (i.e. short time) results.

For F< F¢ AV is varying with the strain and with the volume of the sample according to :

AV = (%2 € FY/Eg) x (2x102'+ 2.25x107° V) (17)

where Es was taken as 15 MPa, although the elastic strength varies with crystallinity and we may expect
some slight effect on AV. Considering the other sources of errors and for the sake of simplicity, we have
decided to keep a constant value for Es. Figure 2.12 shows the calculations assuming one constant AV (as
in Fig.2.4) and those obtained assuming a variable AV at low fields (using Eq.17 and the above described

procedure). An excellent agreement is now observed at both low and high fields.
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Figure 2.12- Comparison between calculation with constant AV and with variable AV at low fields.

In Fig. 2.13 and 2.14, we have compared experiments with calculations using a variable AV at low F. The
agreement between experiment and calculation is excellent whatever the sample size or shape. Since AV
at low fields is particularly sensitive to the value of V* (which seems associated to the amorphous phase
volume), we have calculated the life curves fitting the Bahder et al. results (9) using three different V*
values : 2x10™° (the best fit to experimental data), 5x10%" and 102" m®. The results are shown in Fig.
2.15, where it is obvious that increasing the crystallinity, i.e reducing V*, would lead to significantly longer

lifes at fields below 20 kV/mm. Further discussion is pursued in Section 4.
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Figure 2.13- Comparison between experiment (symbols) and calculations (lines) for three samples of
widely different volumes: Bahder- 1.5 m long mini cable; Montanari- 0.4 m long mini cable;
Griffiths- 50um films.
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Figure 2.14- Comparison between experiments (symbols) and calculations (lines) for three different
cables. Yoda: 154 kV cable with thickness reduced to 1 mm (12); Kaminaga: 33 kV cable
(13); Gherardi: mini cable (14).
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Figure 2.15- Calculated lifetime curves for different V* values compared to experimental results obtained
by Bahder et al. (9). Note the influence of decreasing V* (i.e increasing the crystallinity) on

life at low fields.

It is also very evident in Figs. 2.13 and 14 that the XLPE cable life under accelerated aging at 20 kV/mm
never exceeds 3,000 hours (125 days), which may seem very surprising considering the fact that 345 kV
cables have recently sustained more than 20 kV/mm for 6,000 hours (27). However, these latter results
were obtained under thermal cycles and the influence of thermal cycles could be benefitial as shown in
Fig. 1.1 and as discussed in Section 4. Therefore, aging results obtained under constant room
temperature, which is not typical of actual service conditions, cannot be directly extrapolated to yield cable

lifes in service.

We have applied the model to the results of Kitai et al. (28) obtained with XLPE plaques of different
thickness containing copper impurities. The AG and AV values summarized in Table 2.2 indicate that
impurities reduce AG and have little effect on AV. In addition, the AG/AV ratio decreases with increasing

sample volume, as observed in Fig. 2.10 for XLPE without impurities.

Table 2.2- Influence of copper impurities on XLPE plaques of different thickness (28).

Sample thickness AG (x10"J) AV (x10%'m°) AG/AV (J/m®) Sample Volume
(m°)
1 mm 15 1.1 1.36x10° 1.88x10°
0.5 mm 1.58 0.6 2.63x10° 9.4x10”
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We have also applied the model to the results of Nilsson et al. (15) obtained with plaques of XLPE and of
a copolymer containing ethylene ethyl acrylate (EEA). The XLPE-EEA copolymer has a slightly larger AG
value(1.92x10™"° J compared to 1.84x10™° J for XLPE) and a larger AV value (5x10° compared to 3.6x10
2 ms). Our model predicts that the copolymer with its larger AV value will age less rapidly than XLPE. On
the other hand, its breakdown strength under short aging time will be lower than for XLPE, as indeed
observed experimentally. We may conclude that the proposed model describes very well all existing XLPE
aging data obtained in air at 22 °C, although some improvements are needed to better describe the

morphology and volume effects previously noted.
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3. Analysis of Other Aging Models

3.1 The Space Charges Model of Montanari/ Dissado

Basic assumptions:

e Space charges are present under high fields and there main impact would be to modify and significantly
increase the local internal field. This ultimately will shorten the cable life.

e The calculated internal field, varies as F° (where 0.3<b<1 is an adjustable parameter).
e There is a threshold field below which there is no aging.

e The energy barrier at zero field is asymmetric as shown in Fig. 3.1.

free energy, G

Ga

DG#

reaction coordinate

Figure 3.1- Free energy diagram used by Montanari/Dissado (5).

The cable life, L, is given by

L=Qh/kT)exp(=AS / k)exp{[AH —(CF*)/2)/T]1—1In((A— A*)/(A— Ao))}/ (8
cosh((K — (CF*")/2T)

where
K= (G2-Gy)/k = AG/k

A= the number of reacting moieties= (1+exp((K-CF*)/T)"
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A.,= number of moieties without field
A*= number of moieties at breakdown
C= constant

AH and AS= activation enthalpy and entropy, respectively.

The threshold field is given by

F. = {(K- T In [(1- A*)/A*)]/C}"* (19)

Excellent agreement between theory and experiment was obtained by Montanari et al. (5) by selecting the

appropriate (and numerous) adjustable constants. Their exact physical significance is not always obvious.

For the low field regime, Montanari/Dissado assume there is no aging (infinite life) which is disputable.

Specific difficulties with the Montanari/Dissado Model:

The asymmetrical barrier implies that there is no aging as long as the final state has an energy state
higher than the one of the original state. In such a case, basic thermodynamics requires that the
reaction process be endothermic, which has yet to be demonstrated. In fact, high field results (near the
breakdown value) indicate quite the contrary since heat emission was detected (29).

The constant b is adjustable; what does it means exactly, especially in relation with space charge ? It is
supposed to be associated with the electromechanical field (varying as F*) but this parameter is
negligible in PE below 1,000 kV/mm !

What means the constant C ?

How to determine the original values of A,and A* ?

Equation 18 is much too complex for any practical use.

There is no direct evidence that space charge are formed before aging.

3.2 The Kinetic Model of Lewis

As in the Dissado-Montanari model, Lewis et al. (6,7) have chosen an asymetric energy barrier (Fig. 3.1).

Weak bonds are broken when the Maxwell stress induced by the applied field is sufficiently large to

overcome the polymer’s cohesion forces; thus, life should vary with the square of the field. The originality

of the model lies in the assumption that breakdown occurs when a given number of bonds has been

broken. This number is of course field-dependent and is controlled by the reaction rates (forward and

backward reactions) described by

Kromara = v €Xp (-(AG + ¥2 AV F2)/kT) (20a)
Koackwara=V €XP (-(AG - AU + 2 AV F2)/kT) (20b)
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where AG and AV are the activation energy and volume, respectively, v=1x10""? and AU is the energy
difference between the final and original state (at zero field).

The broken bonds concentration ny as a function of field and time is given by

Ny = N e (No/No) /(1+ exp {((AU-(YeeAVF2))/KT)}) 1)

where n, is the number of broken bonds at zero field, N, and N, are the number of possible bond sites at

zero field and under field, respectively.

We have calculated the ratio n/N shown in Fig.3.2 with the following parameters (to be used later to compare
this model with the proposed model predictions):

AGi=2.1x10"J; AV, = 10% m®

AGp = 1.85x107° J; AV, = 10%° m®.

AU = AGi - AGy = 2.5x10%° J

The differential equation giving the number of broken bonds controlling the aging process is
dn/dt= Kbackward(N'n) - Kf0rward n (22)

No specific cable life equation has yet been published although it can be assumed that breakdown occurs
when n/N (Fig. 3.2) increases abruptly. It will be shown in Fig. 3.3 that cable lifes calculated with this
assumption and with the above parameters correspond very well to experimental cable lifes for fields

higher than F.. At lower fields, the calculations are not describing correctly the experimental results.
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Figure 3.2- Ratio n/N predicted by Lewis model as a function of field and time for AU = 2.5x10% J, AV, =
10%* and AV, = 10%° m®,
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The authors have suggested that there is a threshold field whose value depends on the Griffith criterion for

crack formation. It is likely to happen when the energy barrier is symmetrical (AG; = AGy,).

Specific difficulties with the Lewis Model:

o As for the Montanari-Dissado model, the endothermic reaction associated with the asymmetric barrier
at low fields has yet to be demonstrated.

e The calculation of the concentration of broken bonds and the number of possible broken bond sites at
zero field is a bit mysterious (to say the least).

¢ Relating the “threshold” field to the Griffith criterion is very attractive. However, the fracture energy
values used by Lewis et al. (7) did not yielded realistic values (i.e. fields in the 15-20 kV/mm range). Is

the concept appropriate ? Or, are the crack dimensions used incorrect ?

Since the space charge model contains too many unknown parameters, it is difficult to compare it to our
model. It is however possible to compare Lewis predictions with ours since this model is more
straightforward. Figure 3.3 shows our best fit to the experimental data of Montanari et al. (4) and the ones
obtained with Lewis model (6,7). In the latter case, the best fit (not very good at low fields) required a very
large AG value for the “forward” activated state. The large AU term (i.e. 2.5x10™° J) implies from Eq. 2.21
that breakdown will happen for a ratio broken bonds/unbroken bonds in the 2x10 range (see Fig. 3.2),

which seems completely unrealistic. Thus, there is little support for a complex asymmetric energy barrier.
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Figure 3.3- Comparison between Lewis predictions (with the parameters given on the graph) and the

predictions of the proposed model (see Fig. 2.12).

25



Considering the limits of the other models and their difficulties to fit experimental results with reasonable
parameters, it seems that our proposed model is a much better tool for the description of the electrical

aging of XLPE. Let us now apply it to high temperature aging in air.
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4. High Temperature Results and Predictions

Figure 4.1 shows various aging results obtained under constant temperatures and under thermal cycles
(4,9,15,30-33). It could be difficult to compare results since the size and morphology of most samples is
unknown. For example, we may suspect that the differences between the Yamada (32) and the Yamauchi (33)
results are essentially due to differences in their samples size but there is no data to support this assumption. A
major difficulty with thermal cycles is that the polymer morphology is continuously evolving. It is well known that
heating XLPE at 80-95 °C results in significant crystallinity variation (34-37). Examples are shown in Fig. 4.1,
where it is evident that the breakdown fields of Yamada et al. (32) and Amerpohl et al. (31) obtained after aging
under temperature cycles up to 90 °C are as high as those of Montanari et al. (4) obtained after aging at 22 °C.
The results shown in Fig. 1.1 indicated that aging under thermal cycles could yield longer lifetimes than aging at
room temperature. It is clear that thermal cycles at 80-100 °C will anneal the polymer, which may facilitate the
recovery of the bonds broken by the field. In other words, temperature under some circumstances may reduce

the negative impact of high field aging.
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Figure 4.1- Some PE and XLPE cable aging results obtained under various temperatures plotted as F?vs. log t.

We therefore may suppose that cables aged under thermal cycles above 80°C have experienced some
significant morphology changes. Measurements performed on XLPE after thermal annealing (no field) indicate
that the polymer has a higher crystallinity after being subjected for long time to high temperatures (35-36).

Density measurements performed on samples taken in unaged and field aged XLPE cables (distribution and
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transmission-class) show that most of the time, field aging results in a small but significant density increase (34).
Since the load history of the tested cables (34) was unknown, it is impossible to draw a more precise conclusion
on the role of temperature and field on this density increase. Bezille et al. (35) have also reported a crystallinity
(i.e. density) increase for a 90-kV XLPE cable aged for 30,000 h (3.4 years) in the lab under thermal cycles up to
100 °C and under AC field. In that case, it seems that most of the crystallinity increase had occured in the first
15,000 h going from 41 to 43 %. The only reference citing a decrease of crystallinity (from 46% to 42%) after
aging was measured after 10 days under thermal cycles up to 80 °C and under DC field (25 kV/mm) (37). Is the
difference due to the lower maximum temperature, to the short aging time or is it due to the DC field ? Any
further development of an aging model under high temperatures would require experimental tests performed
under well controlled thermal cycles and high voltage. It is nevertheless clear that thermal cycles affect the
morphology and especially they may result in a larger insulation crystallinity. In the proposed model, this will lead
to a smaller V* and ultimately to a larger AG/AV ratio (Fig. 2.10). This means that above F., where AV is constant
whatever the field, the AV value will be smaller since AG varies very little with crystallinity or volume (Fig. 2.9).
Thus, the aging rate will be faster but at the same time the breakdown strength (at high fields) would be higher
(compare in Fig. 2.13 the Bahder and Giriffiths results). This agrees with the experimental fact that the impulse or
AC breakdown strength of XLPE increases with crystallinity (38). Below F;, where AV varies with the field,
reducing V* leads to a larger breakdown field, as shown in Fig. 2.15, which means that larger fields could be
applied for a longer period of time. This is particularly important for transmission cables operated under fields in
the 15-20 kV/mm range (27). It was shown in Fig. 2.15 that decreasing V* from 2x10%° to 10%' m*® would
increase at 22°C the XLPE cable life aged under 20 kV/mm from 200 hours to 1 year. It remains to be

demonstrated that V* is directly related to crystallinity.

Note that in the case of distribution cables, where the applied fields are low (typically below 5 kV/mm), there is
no need for an increase of the breakdown field (see Figs. 2.13-15). Therefore, that class of cables would be best
suited by insulation with large AV values, i.e. with low aging rates. In addition, a more amorphous polymer
means a more flexible cable easier to install and, usually, a better water-tree retardant insulation. Thus, the

influence of crystallinity may have different practical implications depending on the class of cables considered.

In the following, we will limit our analysis to the results obtained under constant temperature, that is to those
obtained between 22 and 90°C by Bahder et al. (9), Montanari et al. (4) and by Nilsson et al. (15) shown in Fig.
4.4. The Nilsson et al. results were obtained with XLPE plaques (15).

From the slope and intercepts of F? vs. log t graphs (such as Fig. 4.1), we have deduced the AG and AV values
following the procedure used for the 22°C results. The results of the calculations are shown in Figs. 4.2 and 4.3.
The excellent fit to experimental data shown in Fig. 4.4 demonstrates that the model can be successfully applied

to constant high temperature aging.
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Figure 4.2- Variation of the activation energy for aging as a function of temperature for different XLPE samples.
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Figure 4.3- Variation of the activation volume for aging as a function of temperature for different XLPE samples.

The different linear relations between AV and T suggests a relation between AV and o the thermal expansion
coefficient which is defined as

o=(1/V)dV/8T (23)

This parameter decrease with increasing XLPE crystallinity and in the absence of any information on the exact
morphology of the tested samples we are unable to verify this possible effect. However, the larger slopes in Fig.

4.3 for the Montanari and Bahder results suggest (as already discussed) that these samples were more
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Figure 4.4- Experimental aging results obtained by Refs. (4,9,15) at 90 °C and calculations made with the

proposed model for the Bahder et al. (9) and the Nilsson et al. (15) data.

amorphous (larger o values) than the Giriffiths samples. The linear relation between AG and T corresponds to
the basic thermodynamic relation: AG = AH — T AS. The positive slopes in Fig. 4.2 mean that the change of
entropy AS is negative, which implies that the activated state is more ordered than the original state. This
qualitatively agrees with the fact that the polymer was compressed under fields at 22 °C. The intercepts in Fig.
4.2 give the AH values and obviously they are small and an average value seems to be close to the cohesion
energy of PE, i.e around 1.6x10%°J (0.1 eV). More data obtained under more temperatures would be needed to
draw a more definitive conclusion. Thus, most of the energy associated with the aging process comes from
entropy changes, i.e. from molecular rearrangement. Plotting the AH and AS values together (Fig. 4.5) shows

that the empirical compensation law is again obeyed (39,40). This law states that (39)
AS =yo AH (24)

Where vy is the Gruneisen coefficient, i.e. a measure of the anharmonic vibrations of the molecular chains, and o
is the thermal expansion coefficient. Both parameters vary with temperature and with crystallinity. Taking
average values for XLPE at 22°C of y ~ 5 and a. = 6x10™ K™ (40,41), would give a slope of ~ 3x10?, which is in
the range of the 3.3x10° deduced from Fig. 4.5. Thus, it seems possible to relate the aging energy parameters

with thermodynamic parameters of the polymer. Much more work is needed to validate this contention.
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Figure 4.5- Compensation plot between the AS and AH values for aging deduced from Fig. 4.3.

We have plotted in Fig. 4.5 the AS and AH values for XLPE-EEA. With just one set of data, it is difficult to say a
lot on the properties of this material but it seems that aging requires more enthalpy change than for XLPE. The
three sets of data for XLPE were obtained with different samples of known size allowing us to plot the AG and
AV values at 90°C as a function of the sample volume (Fig. 4.6). The increase of the two parameters with
increasing samples volume seems to be present, whatever the temperature. Again, more work is needed to give
a formal support to this observation. Practically, a larger AV value means a smaller aging rate and a larger AG
value means a longer life. Therefore, aging performed on small samples may give misleading information. In
fact, the lifetime of 10,000 hours obtained after accelerated aging of small samples under 10 kV/mm and 22 °C
(Fig. 2.4) is much shorter than the real life of actual cables in service. It remains to determine the mechanisms at

play and also if there is a maximum length above which this effect becomes negligible.
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Figure 4.6- Relations between the activation energy and volume at 90 °C and the XLPE samples volume. The

open symbols refer to results obtained with XLPE plaques.
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From a practical standpoint, the fact that that the activation energy increases with increasing temperature
implies that high temperature is possibly not a strong accelerating factor of aging, especially if the activation
volume does not increase very much with temperature. Therefore, accelerated aging under constant (and low)
temperature is possibly not representing the actual cable aging under service conditions. The central point to be

examined in detail in the future is the evolution of morphology under high field and cycling temperature.

The model describes aging under constant high temperature and it seems possible to relate the electrical aging
results with basic thermodynamic properties of the tested material. The influence of the thermal mass of large

samples on the morphological and, thus, electrical properties of the samples has to be verified by further work.
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5. Conclusion

5.1 Practical Considerations

e The proposed model for the dry electrical aging of XLPE cables describes very well accelerated aging

results obtained under constant temperature.

e The analysis of existing data has revealed the significant influence of the insulation morphology and of

the sample volume on the aging characteristics.

e These effects are poorly documented and more work is needed to be able to provide a detailed
explanation for them. However, it appears that extrapolating the results of accelerated aging tests
performed on small samples to the remaining life of an actual cable operated under service conditions

may be unrealistic.

e The influence of the cable volume has to be validated by tests performed on samples of different

lengths and sizes. The relation with morphology needs further studies.

e High temperature is possibly not the greatest accelerator of dry aging, especially in the case of
thermal cycles where annealing may, in fact, reduce the defects induced by the field. Thus
accelerated aging results obtained at room temperature may not readily extrapolated to actual aging

in service. The influence of temperature on wet aging has not been addressed in this study.

e It would be extremely useful to characterize the morphology of XLPE samples prior and after electrical
aging in order to be able to improve the proposed model. Obviously, a better knowledge of the
influence of morphology on aging should eventually lead to improved or more appropriate materials

and additives.

e Published reports on accelerated aging data should include the length and the size of the cable in
order to be to validate the influence of the cable volume on cable life.

5.2 Fundamental Considerations

e The proposed model depends on the activation energy and volume, which in turn appear to increase linearly
with the sample volume and with (possibly) the amorphous phase volume. More work remains to be done to

give detailed fundamental equations relating these parameters.

e The model describes very well aging results obtained under constant temperature by using reasonable

values for the physico-chemical parameters associated with the polymer morphology.
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The influence of field on morphology is poorly known at room temperature and almost nonexistent for aging

under thermal cycles. Such measurements are required for further development of the model.

The very likely possibility that AV is related to the amorphous volume suggests that highly amorphous XLPE
will age much less rapidly than more crystalline XLPE (or LDPE). This may explain the better resistance to

water treeing of the highly amorphous XLPE recently put on the market.

There is no experimental support for the concept of a threshold field perceived as the specific field
delineating unaging from aging. However, there is a so-called critical field whose value corresponds to the

limits of two different aging mechanisms.

The critical field depends on the hole creation energy (itself related to the polymer cohesion energy) and on
the elastic strength of the polymer. Since both parameters vary with the morphology and temperature, one
may expect small variations of the critical field value of a given XLPE cable. A typical value for a 45-50%
crystalline XLPE sample at 22°C would be 15-16 kV/mm.

Below the critical field, electrical aging is more or less reversible and the field-induced deformation of the
polymer can be considered as elastic. In other words, removing the field should restore most of the original
properties of the cable. Above the critical field, weak bonds are broken and at 22°C there are few chances
that they could be healed. Aging is now more or less irreversible and in an accelerated regime. Note that
that the sample is permanently deformed. This may be the precursor step for space charge formation but

this remains to be verified.

The temperature dependence of AV and of AG seems somehow related to the thermal expansion coefficient
and to some other basic thermodynamic parameters. If the morphology of the tested sample would be
known, it would be possible to push forward the investigation and, then, determine the exact role of these
parameters. The fact that most of the involved energy is of entropic nature indicates quite clearly that
molecular rearrangements are particularly important to explain the life of XLPE aged under high fields. Any

additive or morphology modifications affecting the change of entropy will have a significant impact on XLPE

aging.

Finally, from the practical and fundamental standpoints, there is a need for more tests:

® To validate the sample volume effect on XLPE samples of different shapes and sizes,

To examine in detail the influence of morphology on XLPE aging,

To relate the evolution with time, field and temperature of XLPE morphology with thermal cycles aging.
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