INSULATION AGING MODELS

Aging of an insulating material or system consists of an
irreversible change of physical properties due to action of
one or more stresses and/or factors of influence. Aging pri-
marily affects insulation life, where life is intended as time
to reach a limit value of specific properties beyond which
the insulating material or system is not any longer able to
work according to prescribed specifications. For example, if
stress is electric field and the property electric strength, life
can coincide with insulation breakdown (failure) or time to
a given reduction of electric strength.

Aging results, therefore, in a failure rate increasing with
stress magnitude and time (1, 2). Typical stresses which
cause aging of insulation, possibly until breakdown, are
electrical and mechanical stress. Temperature gives rise
to thermal stress, which causes changes of properties, thus
aging, but does not lead to insulation breakdown. For this
reason, temperature is sometimes considered a factor of
influence rather than a stress. Another factor of influence
is, for example, environmental conditions.

Life is associated to failure probability, since failure
must be seen as a stochastic phenomenon (due to several
reasons, e.g., intrinsic dishomogeneities of insulating mate-
rials and systems, variable environmental conditions, man-
ufacturing processes).

Under the assumption that aging rate, R, does not de-
pend on time, the general aging equation, relating stress,
diagnostic property, and aging time can be expressed by (2,
3)

t
A=fp) =/ RIS(t)]dt (1)
0

where A is aging function (degree of aging), p a diagnos-
tic property (in relative value), S a generic stress or com-
bination of stresses, and ¢ time. If stress is constant, the
relationship between aging and life, L, can be formalized
as

A=A ¢/L) (2)

where Ay, is aging limit, corresponding to the acceptable
limit value of the diagnostic property, p1, (end point).

From a geometrical point of view, when stresses are si-
multaneously applied, the aging equation can be repre-
sented in a (N +2) dimension space (IV is the number of
applied stresses). With two stresses, for example, thermal
and electrical stresses, the aging equation is represented
by a four-dimension object, while life (obtained choosing a
limit value for p,i.e. p=pr, thus ¢ =L in Eqgs. (1) and (2)) is
a surface of axes S1, S, and L. The surface, Fig. 1, has key
intersections with planes at constant S, S, and L, pro-
viding life lines at different values of stress and isochronal
lines, at given values of life. As an example, Figs. 2,3,4 show
the lines obtained intersecting the surface of Fig. 1 where
S1 and S, are electrical, E’, and thermal, 7", stresses, re-
spectively. Hence, Fig. 2 provides the electrical life lines at
given values of thermal stress, Fig. 3 the thermal life lines
at given values of electrical stress, and Fig. 4 the isochronal
lines, for instance, the loci of the couples E’, T" correspond-
ing to pre-selected values of life.

Figure 1. Example of life surface when two stresses, S; and Sq,
are simultaneously applied (e.g., S; = electrical stress and Sy =

thermal stress).
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Figure 2. Intersections of the life surface of Fig. 1 with planes at
constant thermal stress: electrical life lines at different values of
thermal stress (T" = So).
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Figure 3. Intersections of the life surface of Fig. 1 with planes at
constant electrical stress: thermal life lines at different values of
electrical stress (E' = Sh).
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Figure 4. Intersections of the life surface of Fig. 1 with planes at
constant life: isochronal lines.
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2 Insulation Aging Models

Aging and, in particular, life models are applied to the
results of life tests performed at various levels of stress.
The purpose is to infer parameters useful for insulation
characterization (i.e. the model parameters) and, eventu-
ally, predict life at stresses lower than the test ones. While
the former goal can be generally reached, the latter re-
quires much more attention. The practice, indeed, of per-
forming life tests at stress values considerably larger than
those considered for insulation design (in order to reason-
ably shorten test times: accelerated testing) does not allow
proper evaluation of the life line behavior at low stresses
to be carried out. Changes in aging mechanisms can, in
fact, invalidate the model holding at high stresses. Hence,
the extrapolation usually needed to estimate life at design
stresses is based on the unverified assumption of validity
of the model which has been selected on the basis of exper-
imental results.

The knowledge of model parameters may provide in-
sights into aging mechanisms; thus, fitting life data by a
model could give indication on the processes which cause
aging. Prediction, being based upon extrapolation, requires
that the simplest model, possibly linear, is searched for. To
this aim, the most appropriate coordinate system must be
chosen. In general, the lower the number of parameters of
a model, the higher is accuracy in estimation of parame-
ters and extrapolated quantities (life, stress). Of course, a
compromise is always needed between model complexity
and quality of fitting experimental results.

MODELS FOR SINGLE STRESS

Electrical Stress

The simplest empirical models for life under electrical
stress are the exponential (£XP) and inverse-power (IP)
models, given by (2, 4):

L =Lyexp[-h(E' - Ey)] (3]

L=LyE /Ey)" (4)
where Ey is the highest value of electrical stress range
where the model is thought valid, and Ly is the corre-
sponding time to breakdown, where - and n are the voltage
endurance coefficients, respectively. These models provide
straight lines in semilog (E vs. log L) or log-log (Log E vs.
log L) plots, respectively, and thus have two parameters
each: n or & (the reciprocal of slope) and Ly (related to line
location). Electrical stress is given by E' =E — E, being E,
the value of electrical stress below which electrical aging
can be neglected. It is often considered that Ey=0; thus,
electrical stress coincides with electrical field, E.

The model parameters, a function of the other applied
stresses (if any), can be estimated by least squares, LS, or
maximum likelihood, ML, procedures, (5, 6), resorting to
the results of life tests. As an example, once life tests at
M levels of constant electrical stress (E'1 >E9>... >E'y)
have been performed on M samples of insulation speci-
mens, breakdown times are made available. These times
are suitably processed [using, in general, the Weibull distri-
bution (5)], so that a chosen life percentile is obtained. The
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Figure 5. Electrical life lines and experimental life points (failure
probability 50%) relevant to EPR aged at 20° and 60°C. Log—log
plot. The model parameter values are indicated.

model parameter estimates are achieved, finally, fitting
points whose coordinates are electric stress and life per-
centile: see Fig. 5 (relevant to ethylene-propylene-rubber
EPR, cable models).

The Weibull distribution of failure times can be written
as

F(ty) = 1— exp[—(tp/a)?] (5
where @ and 8 are scale and shape parameters, a function of
applied stresses, and ¢ is failure time. This function can be
linearized in the so-called Weibull plot, having coordinates
log In[1/(1 — F)], log tr. Once the failure times, tg;, of each
specimen of the tested sample (i=1, ..., v) associated to
their failure probability are reported in this plot, the best
fitting line provides an estimate of « and S (least square
method), as illustrated in Fig. 6. Life at a given failure
percentile, P, is thus obtained from (5) setting F(¢tg)=P.
The least squares method has the advantage of simplicity
and graphical output. Several estimators are available for
P; among these, the Benard one seems quite simple and
accurate (7-9):

F,v)=(1-0.3)/(v+0.4) (6
Other methods, like ML, can be used to estimate « and B.
The choice is a compromise between complexity and accu-
racy (the latter involves sample size and value of g8) (10).

From the observation that « is failure time at proba-
bility 63.2%, and thus can be expressed by a best-fitting
life model, the possibility comes to write a probabilistic
life model, which provides the relationship between stress,
failure time, and associated probability (11). This supports
the common use of the Weibull distribution to treat elec-
tric strength (or breakdown voltage) test data from solid
insulating materials (2).
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Figure 6. Weibull plot of failure time data obtained from a life
test performed on flat specimens of cross-linked polyethylene. Life
points and Weibull line.

Electric strength tests are generally realized at linearly
or step-by-step increasing voltage (12). Testing samples at
different rates of voltage rise provides failure times which
are related to those that are expected, performing similar
tests at constant voltage; thus, Egs. (3) and (4) may still
hold. A relationship between life obtained from increasing-
voltage tests, Lp, and constant-voltage tests, L, based on
Eq. (4)is (2, 13):

Other expressions are obtained changing life models or the
way to increase voltage (14).

Equations (3) and (4) can also take into account the de-
pendence of life on supply-voltage frequency, f, multiplying
the right term by f/~*, where x is a constant depending on
the degradation mechanism, generally <1 (13-17).

Often the results of life tests (life points) do not fit the
above linearized models, particularly at low stresses. A typ-
ical behavior at low stresses, consisting of lives much longer
than those expected on the basis of Egs. (3) and (4), is asso-
ciated to the concept of threshold. The electrical threshold
indicates the lowest value of electrical field below which life
can be considered as mathematically tending to infinity;
this practically coincides with a life line presenting an up-
ward curvature and asymptotic behavior to threshold: see
Fig. 7 (18). As pointed out by Fig. 7, the threshold value
is a function of the other applied stresses, decreasing as
these stresses increase. Therefore, an insulation can show
electrical life lines with threshold at, for example, low tem-
perature, while showing straight lines, or even life lines
with downward curvature at low stresses, as temperature
increases (19).

Both EXP and IP models can be modified to account for
threshold (2—4). From Egs. (3) and (4), it derives:

L =Ly[E - Ep)/(Eyg— Ep)" (8)

where Er is the electrical threshold, and u is a shape fac-
tor. An example of application of Eq. (9) is given in Fig. 7,
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Figure 7. Electrical life lines, at probability 63.2%, derived from
the exponential threshold model [Eq. (9)], and life points obtained
from tests performed on XLPE cable models at 20° and 90°C [after
(18)].

referring to electrical life tests at 20° and 90°C performed
on cross-linked Polyethylene (XLPE) cable models (18).

The above equations can be applied generally in defined
ranges of stresses. The same equation, in fact, may not
cover the whole electrical stress range from high to low
test stresses, down to design stress, as a consequence of
possible changes of the predominant aging mechanism.

Life models derived from investigation of electrical-field
induced degradation processes in insulating materials and
systems are available in literature. They describe mainly
phenomena occurring at high fields, where damage is asso-
ciated with injection of high-energy electrons, able to break
molecular bonds.

A model based on field emission, which relates the elec-
trical tree inception time, #1, to the local field, E, was pro-
posed by Tanaka and Greenwood (15). The model assumes
that charges injected into the insulation (or extracted) con-
tribute to tree initiation only when their cumulative energy
exceeds a critical level, C. A limit value of energy below
which the injected electrons cannot contribute to insula-
tion degradation, for example, due to trapping phenomena
or insufficient energy to break molecular bonds, is consid-
ered, which corresponds to an electrical threshold, Et. The
expression of energy as a function of electrical field is given
by the Fowler-Nordheim Eq. (20). Accordingly, it results

t; = C'lexp(—Bd*/%/E) — exp(—Bd**/E1)]™? (10}

where C' =C/A, B and A are material constants, ® is the ef-
fective work function of the injecting electrode. In Eq. (10),
t; does not coincide, in principle, with life, since time to fail-
ure in a polymeric insulation is composed by induction time
of electrical treeing (from time zero of stress application to
tree inception) and tree growth time. However, depending
on the type of material and stress magnitude, ¢; may ap-
proximately coincide with life, L, when tree-growth time is
negligible with respect to induction time or, otherwise, if
the failure criterion considered for insulation time is tree
inception instead of electrical breakdown.

The whole description of lifetime can be achieved adding
to ¢; the growth time, ¢g. A model valid for initiation and
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Figure 8. Electrical life line, at probability 50%, derived from
model (11), and life points obtained from tests performed on EPR
cable models at 90°C [after (19)].

growth of electrical trees in polymeric insulation for ca-
bles (e.g., cross-linked Polyethylene, XLPE, and Ethylene-
Propylene rubber, EPR) is that proposed in (21). It assumes
that local stress enhancements, which can take place in in-
sulation due to, for example, contaminants or protrusions,
cause inception of partial discharges in adjacent small cav-
ities (=10 um) once the electric field exceeds a threshold
value, E1. Electric charges thus penetrate into the insula-
tion giving rise to channels which develop prevailingly in
the electric field direction, forming the electrical tree and
leading, ultimately, to breakdown. The resulting model is:

1

tn = (11,
G fb,{explbyE — Eq)]— 1}exp(b E + b,)]

where b1, be, b3, and by are constants which depend upon
material, temperature, and geometry. These constants, be-
sides Er, constitute five parameters of the model, which is
qualitatively plotted in Fig. 8 [the fit is relevant to data
obtained for EPR cable models electrically aged at 100°C
(19)1.

The same physical mechanism promoting tree growth
led to another model which includes explicitly fractal di-
mension of tree, d (22):

te = Sc(1/2f)Ne{lexpLya (E))] - 1)1 (12

where S¢ is the number of tree branches at failure (end
point), N¢ is a parameter related to material, L, is tree-
branch length, and « is primary ionization coefficient of
the Townsend avalanche model. Depending on the o versus
E relationship, the model can have four or more parame-
ters, and thus, different life characteristics (with or with-
out threshold) can be obtained from Eq. (12). Moreover,
even variation of fractal dimension with growth time can
be taken into account (improving fitting and/or the range
of model validity), but this would increase further on the
parameter number.

Quite similar is the approach proposed in (23), where
the charge amount generated by partial discharges and/or
penetration depth are considered as the diagnostic proper-

ties. The following aging equation is proposed:
Q; = k\fexplk,(E — ET)bt(”d’] -1 (13)

where @; is the amount of charge flowing in the channels
with penetration depth x;; k1, k2 and b are coefficients de-
pending on material and tree-growth phenomenology, Et
is the threshold, the limit value of electrical stress below
which tree does not grow. The property charge amount can
be turned into penetration depth by the following relation-
ship:

Q; = kilexp(kyx;) — 1] (14]

so that the equation can be applied to the most convenient
recorded property. Once an end point for @; or x; (i.e., @y, or
X ) is selected, the life model derived from Eq. (13) becomes

_ {ln[Qm/kl) + 1]}d

tn = 15
G % E - Eq) (15)

where k4 =kskV/?,. This model has the same structure of
Eq. (8),being characterized by the same number of parame-
ters (function of the applied stresses other than the electri-
cal one). Like Eq. (8), it can be used as a phenomenological
tool to fit tree growth data, even if the electrical tree does
not exhibit a fractal dimension; in this case, its parameters
can lose any physical meaning.

Finally, it is worthwhile mentioning that Eq. (8) is prac-
tically coincident with that obtained by Dakin and Stud-
niartz (24) for breakdown due to surface discharges.

Another aging model, valid for electrical degradation
which affects the diagnostic property electric strength, Es,
is (2, 3):

1— (Eg/Eg) ™Y = (E/Egy) "t jt, (16

where Eg and ¢, are electric strength and corresponding
time to breakdown measured on unaged specimens. Fix-
ing the end point E5=0, Eq. (16) provides life model (4).
A similar approach, however, can be followed for other life
models.

Thermal Stress

The Arrhenius model, based on reaction rate theory, is gen-
erally used as thermal life model (35):

L =L,exp(—BT") (17

where T is thermal stress, defined as 7' =(1/Ty) — (1/T), T
is absolute temperature, T is a lower limit temperature
below which thermal aging is negligible for the degradation
reaction prevailing in the range of interest, L is the life at
temperature Ty, and B =Ag/k (Ag is the activation energy of
the degradation process; % is the Boltzmann constant). Life
is intended as the time to reach a fixed limit (end point) of
a diagnostic property.

This model provides a straight life line in the coordinate
system In L vs. T" [or In L vs. (1/T)], as it is shown in Fig.
9 (where the model is applied to data obtained from Poly-
butylene Therephthalate (30% glass filled) specimens and
diagnostic property tensile strength). Based on this line,
the IEC Standard (25) establishes the figures for thermal
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Figure 9. Thermal endurance graphs obtained by the Arrhenius
and Eyring models. The life points (mean values of time to end
point) are relevant to Polybutylene Therephthalate, 30% glass
filled; the values of TI and HIC are reported.

endurance characterization, that is, temperature index (77)
and Halving Interval in Celsius degrees (HIC). The former
is the temperature, in Celsius degrees, derived from the
thermal endurance relationship at a given time, for exam-
ple, 20,000 h. The latter is the temperature interval in Cel-
sius degrees, which expresses the halving of the time to
end point taken at the temperature of the TI.

An alternative to Eq. (17), the Eyring model, is some-
times recommended (26). It is given by (27):

L = (A;h/kT)exp(AG* /kT) (18]

where h is the Planck constant, Ay, is a parameter related
to the chosen property end point, and AG* is the activation
free energy (AG* =G, — G, is the height of the energy bar-
rier, G; and G, being the free energies of reactant ground
and activated states, respectively). A;, can be expressed as
a function of the activation entropy, AS, as, for example,
Ap, o exp(—AS/k) (28, 29) which can also take into account
the contribution of free motion produced by quantum wells
and viscosity, often nonnegligible in liquids and solids. The
model can be linearized in log(LT) vs. (1/T) plot, thus pro-
viding the same indices of Eq. (17). Even if this model pro-
vides a background exploited for multistress life modeling,
it does not give, generally, significant improvements, re-
garding the quality of data fitting, in thermal endurance,
due to the quite narrow ranges of test and extrapolation
stresses (see, e.g., Fig. 9) (30).

A linear relationship between activation enthalpy, AH,
and entropy, AS (which define the free energy according
to AG=AH —TAS), was noticed (31). It gives rise to a cor-
relation between the logarithm of the preexponential term
and activation energy [Eq. (17)] or enthalpy [Eq. (18)]. This
affects thermal life models: the Arrhenius model becomes,
for example, (4, 30):

Ly =Lyexp[—T (kslog Ly + kg)] (19)

with one more parameter with respect to Eq. (17).
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Figure 10. Thermal life lines, according to Eq. (20), for different
values of AG/k [after (32)].

Threshold can also be considered for thermal aging. If
reversibility of degradation reactions is assumed, an ex-
pression for thermal life where thermal threshold appears
can be obtained (32):

I (Kf+Kb)'lln{ 1 +exp[AG/(kTy)] }

exp[AG/ (kTp)] — explAG/(kT)]
T>Ty (20)
L=0c0 T=<Ty (21
where K; and K;, are forward and backward reaction rate
constant [given by Ar/L, Eq. (18)], AG =Gy — G; (Gs is the
free energy of the product state), and 7't is thermal thresh-
old. Figure 10 shows examples of life lines obtained from
Eq. (20) (32).
A simpler phenomenological approach introduces the
threshold in the Arrhenius equation in the same way as

for the electrical exponential life threshold model, Eq. (9),
that is (4, 28)

L = Lylexp(—BTH)/[(T'/T7) — 1 (22)

where the three parameters, B, T'r, and u, are functions of
the other applied stresses (as it holds, in general, also for
the above thermal life models).

Mechanical Stress

An empirical model often employed to fit data from me-
chanical stress aging tests resorts to the inverse-power re-
lationship, and thus is similar to Eq. (4) (4):

L =LyM' /My)™ (23)

where M’ =M — M, is mechanical stress (either constant
or cyclic), m is the endurance coefficient, and My and Ly
have the same meaning as in Eq. (4). As for electrical aging,
a threshold model can be obtained from Eq. (23), which
corresponds to Eq. (8), for instance,

L= LH[(M— MT)/(MH - MT)]_m (241

where My is the mechanical threshold.
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MODELS FOR MULTISTRESS

A general approach to multistress phenomenological mod-
els, holding when stresses are simultaneously applied, can
consist of multiplication of aging rates, corrected by a term
which takes into account synergism among stresses (2, 33).
Henceforward, multistress life is given by:

L/Lo = (LI/LD)(LZ/LDJ « ey (LP/LO)G(SI’ Sz, . eay SP) [251

where Ly, ..., Lp are lives under stresses Sy, ..., Sp singly
applied (Lo is a normalization life), and G is the correc-
tive term. The models for electrical, thermal, and mechan-
ical stress described above can, in principle, be included
in Eq. (25), taking care of compatibility conditions (e.g.
L/Lo=L+/Ly for Sy =---=Sp =0). Other factors of influence,
as environmental factors, could be considered in the frame-
work of model Eq. (25), but this is still a matter of inves-
tigation. With evaluation of synergistic effects and the rel-
evant expression, possible changes of aging mechanisms
(thus aging rate) with time can complicate considerably
the problem of explication of Eq. (25).

Thermoelectrical Life Models

According to Eq. (25), and considering either the exponen-
tial or the inverse-power model (Egs. (3), (4)) for life under
electrical stress, and the Arrhenius model for thermal life
[Eq. (17)], the following expressions for combined thermo-
electrical life were obtained (2, 4):

L=Lyexp(-BT' - hE'+bE'T") (26)

L =Ly(E/Ey)~""*T" exp(—BT") (27)

These models are characterized by four parameters,
namely, Lo, h or n, B and b. The last belongs to the correc-
tive term, and thus gives information on stress synergism.
Both models Egs. (26) and (27) provide a life surface like
that of Fig. 1, with intersections given by Figs. 2,3,4, in ap-
propriate coordinate systems [i.e.,In L, E’, T" for model Eq.
(26);In L, log(E/E,), T’ for model Eq. (27)]. Once the param-
eters have been estimated [by accelerated electrical, ther-
mal, and multi-stress tests (19)], life can be determined for
any pair of values of E’ and 7" in the model validity range.

Also the threshold models can be accommodated in Eq.
(25), even if compatibility and boundary conditions are
slightly more complex. Referring to electrical and thermal
life models like Egs. (9) and (22), the thermoelectrical life
model becomes (4, 28):

exp(—hE' — BT+ bE'T")

b= Koo g B ¥ T Ty - 1 (28)

where E'1o and T 1o are electrical and thermal threshold
for 7" =0 and E’ =0, respectively, and Kj is a normalization
parameter.

Equation (28) is represented by the life surface plotted
in Fig. 11. It is noteworthy that the electrical life lines show
a threshold decreasing to zero as 7" increases. The same
holds for thermal life lines when considering the variation
of thermal threshold with E’.

T

Figure 11. Life surface under thermoelectrical stress for thresh-
old life model [Eq. (28)].
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Figure 12. Isochronal threshold line (Fig. 11) and definition of
SCI [Egs. 29-34].

A general model was proposed in (34), which can fit data
exhibiting both linear and threshold life behavior, that is,
encompassing both Eq. (26) and Eq. (28):

L=L exp(—hE' — BT' + bE'T")
TUE By + T/Tyg — ke T/Tpg(E/Egy) — 1FE T

(29]
with
E —Ep)? (T —Tpy?
wE T = |:( E'2T0) + T'2T0) } (30
TO TO
ke = 2(1- 1/SCI) (31)

SCI is the stress compatibility index, which is given by the
ratio between the area defined by the threshold isochronal
line and that of the triangle connecting the axes intersec-
tions of the isochronal line and the origin, i.e. A;/A, of Fig.
12. The SCI can be associated to n, Ey (or electric strength,
Eg), TI, HIC to complete the endurance characterization of
an insulation under thermoelectrical stress.

Thermoelectrical life models were also derived resorting
to physical approaches based on the Eyring or Arrhenius
relationships.



The common feature is that the activation energy [Eq.
(17)] or enthalpy [Eq. (18), considering that AG=AH —-T
AS] is lowered by a term function of electrical stress.

From the Arrhenius relationship, the following models
were presented for thermoelectrical life lines without and
with threshold (24-36):

L =k,exp(—BT" — b,T'E) (32

L =[Cf(E — Ep))*exp[-BT' — b,TE"] (33)

where C is the fraction of electrons reaching the most crit-
ical site, and b1E’ is the contribution of electrical field in
lowering the activation energy of thermal degradation re-
action. These models, however, do not comply with the com-
patibility condition that L =Lg for 7' =0 (Lg is life under
electrical stress).

Total compatibility is achieved by the approach pre-
sented in (37), based on the Eyring law. Life is given by

L = (kgh/kT)exp[—BT — (kg — k1o T")f(E)] (34

It was shown in (33) that considering the following expres-
sions for flAE):

fE)=FE (35)
f(E) =In(E/E) (36

models having the same form of Eqs. (26) and (27) are
obtained (once the temperature dependence of the pre-
exponential term in Eq. (34) has been neglected). Moreover,
in (28) it is shown that parameter ks of Eq. (34) is propor-
tional to exp(—AS). These observations establish a close
connection between phenomenological models like Eq. (26),
Eq. (27) and physical models based on a thermodynamic
approach.

The experimental evidence, provided by some materials
and insulations systems, of upward curvature of life lines
(tendency to threshold) was approached considering par-
tially reversible reactions both in (16, 38) and (29, 32).

The model proposed in (16, 38) is

L o< (h/2kT)exp(AG/kT yesch(eSE/kT) (37]

where § is the width of the energy barrier, and e is the elec-
tronic charge accelerated by electric field, E, so as to gain
mean energy eSE. Equation (37) simplifies for high elec-
trical stresses, where aging reaction goes prevailingly in
the forward direction, to an exponential model similar to
(32). Therefore, Eq. (37) provides electrical life lines at a
chosen temperature, in semilog plot, which are straight at
high stresses but tend to infinite life when electrical stress
approaches zero. §, called “scattering distance,” is related
to microstructural characteristics of the material (e.g., the
dimensions of the amorphous regions between crystalline
lamellas in Polyethylene) and is temperature dependent
(39). A relation between § and the formation of submicro-
cavities in the material, due to breakdown of weak bonds
(caused by electrons accelerated by the field), was proposed
(39). Due to the lack of appropriate analytical relation-
ships, the model is not fully defined as a function of tem-
perature and time, and thus cannot be properly considered
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a multistress model: it can fit experimental results derived
from electrical life tests at chosen temperatures, like Eq.
(9), but cannot be used to infer material behavior at tem-
peratures different from the test ones. It must be noted that
breakdown in most insulation systems is due to imperfec-
tions (e.g., protrusions, contaminants, voids in polymeric
insulations) (40, 41). Therefore, any physical model should
be applied locally knowing the real electric field inside the
insulation.

At fields close to those considered for insulation de-
sign, in homogeneous polymeric insulating materials (to
which technology is tending due to material performance
improvement), it is unlikely that free electrons can acquire
enough energy to break even weak bonds. Therefore, in
(29-43) the effect of trapped space charges, for instance,
charges steadily present into insulation with very small
mobility, is focused. The limit condition for electrical ag-
ing has been addressed to the presence of trapped space
charges which store electromechanical energy and are able
to promote cracks and plastic deformations in the polymer
structure. Equation (20), where life is intended as time to
formation of cavities or crazes into the insulation, can be
considered. When the applied field, superimposed to tem-
perature, is large enough to inject space charges inside
the insulation (from electrodes, semiconductor protrusions,
etc.), which are trapped in correspondence of defect sites,
the initial state free energy, G1, may be raised by an amount
AGy,. The latter is proportional to the unit volume electro-
static and electromechanical energy (W.s and W, respec-
tively) which is stored by the space-charge centers. Hence,
the term AG becomes a function of E:

AGE) =Gy — (G, + AGn(E)] =Gy — G, — AWz — BWer
(38)

where A and B are proportionality constants <1. Ifthe elec-
trostatic energy is not released in the product state, 2, the
term AW, disappears in Eq. (38). The contribution of the
space charge, g, to the stored electrostatic and electrome-
chanical energies is quantified in (32), resulting in W=
C1q2 and W,,, =C3q? (C; and C, are proportionality con-
stants), while a simple expression of the dependence of ¢
on the electrical field is ¢ = C3E*. This approach holds in
the dc regime, since ac aging requires consideration of an-
other term lowering AG, which takes into account fatigue
(as pointed out further on). The following expression is fi-
nally derived for life (29-43):

exp[(DHK — C'E?*/2)/T]
cosh[(AK — C'E2)/2T]

Aeq(E) - A*
Ay(E) — A0)

where C'=Cs/k is a constant; AS, AK, and DHK are en-
tropy, free energy, and enthalpy terms; A* is the fraction
of moieties that have to be converted from state 1 to state
2 in order for the insulation life to end; A.q is the equilib-
rium value of A (A¢q = K¢/(K}, + K¢)); and A(0) is the initial
value of A (A =cs/(cy +c2), with ¢; and ¢y being the concen-
tration of reacting moieties in states 1 and 2). Equation
(39) provides insulation life in a form in which dependence
upon electric field and temperature is made fully explicit,

2h
L = k—Texp(AS/k)

{—Inl I} (39)
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Figure 13. Parametric representation of electrical life lines at
different values of temperature, derived from Eq. (39).

thus enabling the derivation of electrical life lines at dif-
ferent temperatures and of thermal life lines at different
values of electrical field. It is characterized by seven pa-
rameters, namely, AS, DHK, AK, a, C', A*, and A(0), but
A(0) can be considered zero (for materials with high level
of homogeneity and cleanliness) (29). Hence, the number
of parameters can be reduced to six. Equation (39) behaves
similarly to the general phenomenological model, Eq. (29).
Both models have electrical and thermal thresholds, which
vary with E, T, and disappear for electrical and thermal
stresses above certain levels. This is displayed in Figs. 13
and 14, where a parametric representation of electrical life
lines and thermal life lines at different values of tempera-
ture and electrical field, derived from Eq. (39), is reported.
It is noteworthy that the electrical life lines may show dou-
ble curvature (downward at high stresses, upward at low
stresses); thus, the model can fit a large amount of data re-
ported in literature. Of course, if data do not comply with
the assumptions on which the model is based (in particu-
lar, dc aging and life corresponding to time to formation of
microcavities), it takes phenomenological validity mainly,
and its parameters can lose physical meaning. Results de-
rived applying the model to experimental data obtained
from life tests carried out on polyethylene therephtalate
(PET) films, 36 um thick, aged at different values of elec-
trical field and temperature, are displayed in Fig. 15 (29).

As previously highlighted, Equation (39) holds in the dc
regime. Nevertheless, it can fit ac data as well, see (44). The
goal to extend the validity of Eq. (39) to ac regimes can be
achieved by accounting for the role of electrical fatigue in
the presence of a sinusoidal field, via a proper term to be
subtracted from the right-hand side of Eq. (38). By doing so,
the life model expressed by Eq. (39) is then characterized
by frequency-dependent parameters.

The aging effects of space charges can be amplified by
voltage polarity inversions, that may occur in transmis-
sion dc cables. It has been proved that such polarity inver-
sions, when associated with the presence of space charge
stored inside the insulation thickness, are the prevailing
cause of life reduction for polymeric insulation subjected to
a dc electrical field (45). Extensive experimental work on
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Figure 14. Parametric representation of thermal life lines at dif-
ferent values of electrical field, derived from Eq. (39).
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Figure 15. Electrical life lines at different values of temperature,
derived from Eq. (39), applied to PET data subjected to thermo-
electrical life tests under dc voltage. Experimental life points, at
failure probability 63.2%, are also displayed [after (29)].

PE-based materials led to an expression able to describe
life under voltage polarity inversion, that relates the ra-
tio of life without and with polarity inversion, L/L;, to the
maximum field measured in the insulation, Ey, the space
charge density, @, and the exponent s in the time depen-
dence (Q oct7*) of the charge depletion (46):

In[(L/L;) — 1] = Ay + Asln(Q) + Asln(Ey)
+Ayln(s) + Asln( f) (40)

where f'is the polarity inversion frequency and A;, Ag, A,
Ay, As are coefficients that are function of the type of ma-
terial. Equation (40) can be simplified by considering the
power law dependence of space charge on poling electrical
field E, above a characteristic threshold Er, that is:

0 = AoE* (41)
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Figure 16. Example of @ vs E characteristic, relevant to XLPE,
20°C. The threshold for space charge accumulation, Er, is indi-
cated by an arrow.

where the power law exponent a - the same quantity that
appears in Eq. (39) - represents the slope of the high-field
part of the @ vs E characteristic in a log-log plot. This exper-
imental behavior is illustrated in Fig. 16, where the thresh-
old for charge accumulation, Er, is indicated by an arrow.
Using Eq. (41) together with some other approximations
results in the following expression:

In[(L/L;) — 1] = b In(KE) + Asln( f) (42)

where K and b’ are functions of the coefficients Ag, A1, Ao,
Az, As. Equations (40) and (42) show that the larger the
amount of space charge, the shorter is life under voltage
polarity inversion with respect to life without inversion.
Notwithstanding the above-mentioned technological
improvements, real polymeric insulating materials most
often exhibit micro-voids of sizes around a few tens of mi-
crons. For this reason, another thermo-electrical life model
was derived by considering the effects of charge accumu-
lation at polymer-void interface and injection into the void
(47, 48). In this framework, injected charges give rise to
hot-electron avalanches that cross the air-filled cavity and
collide with the void-polymer interface. Then, hot electrons
release their kinetic energy through high-energy scatter-
ings within polymer slabs adjacent to the void surface,
thereby damaging the polymer matrix. While breakdown
conditions are commonly found within the void, electrons
in the polymer are far from breakdown regime and un-
dergo a fast thermalization process. This can occur through
two strongly inelastic scattering processes that take place
above ~8 eV, i.e. impact ionization and Dissociative Elec-
tron Attachment (DEA) of C-H bonds. The latter process
causes chemical damage - thus ageing - which accumulates
in the polymer as subsequent avalanches travel across the
void and impact on the void-polymer interface. In the case
of polyolefins, e.g. Polyethylene (PE), chemical damage can
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be assumed to consist of the breaking of a percentage of
CH bonds large enough to cause irreversible ageing.

As argued in (47, 48) on the basis of mean free paths
for electron scatterings in polymers, the whole hot-electron
cooling process occurs in a slab of thickness D,;; 400 A and
the damage growth rate in the insulation, Rg;s, can be de-
rived as a function of void size d, electric field E, and tem-
perature 7, as:

Rais = Ddis/tdix (43)

where tg;s is the time-to-disruption (i.e. to severe and ir-
reversible chemical degradation) of the slab. ¢4 can be
roughly estimated as the time needed to dissociate half
of the CH bonds inside the slab, as follows:

tais = New/(2Ru Fogy Fror) (44)

where N¢y is the number of CH bonds in the slab, R is the
rate of electrons colliding with the polymer surface after be-
ing injected into the void and multiplied by the avalanche
mechanism, Fy,; is the hot-fraction (energy >8 eV) of elec-
trons impinging the polymer surface and Fs is the frac-
tion of hot-electrons that are effective in causing chemical
damage through DEA. Fy,; and Feg can be obtained as a
function of field on the basis of the energy distributions of
the avalanche-electrons.

Finally, an expression for the life L of the system is ob-
tained by assuming that time-to-failure (life) is the time
to the formation of a damaged zone (made of contiguous
sequentially-damaged slabs of thickness Dy;s) of critical
size d¢, large enough to start an electrical tree e.g. by en-
hancing the local field, or, simply, by increasing the volume
of damaged polymer. L can be then estimated as follows
(47, 48):

L= dC/Rdis (45)

It was argued in (47, 48) that, with the exception of dc, all
the parameters that characterize this ageing and life model
have a physical meaning, since they are related to physi-
cal and chemical properties of the polymer and of the air
that fills the void. The only phenomenological parameter of
the model is d¢, that can be guessed either a-posteriori by
comparing life estimates obtained from Eq. (42) with exper-
imental times-to-failure (through, e.g., tests at fairly high
values of field and, hence, lasting relatively short times) or
a-priori via theoretical considerations. From this respect,
the approach developed in (49) can provide a reasonable es-
timate for d¢ (growth of a pit of around 1.5/3 um of length),
thereby separating the stage dominated by avalanches in
the void from that relevant to tree growth. It is noteworthy
that this approach is intimately related to the most effec-
tive technique for diagnosis and ageing assessment of elec-
trical insulation systems, that is, partial discharges (PD)
measurements. Indeed, electron avalanches in cavities will
turn into PD once damage is growing.

Finally, it must be observed that a physical descrip-
tion of degradation and failure of insulating materials
should likely refer to a combination of models, depend-
ing on stress levels and insulation configuration. Thus, the
time to breakdown would result from the sum of the life val-
ues provided by each model (50). At relatively high stresses,
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Figure 17. Examples of life curves obtained from combinations
of Egs. (39) and (15).

failure time could be given by the combination of the injec-
tion model, Eq. (10), and the tree-growth model, Eq. (15),
one prevailing on the other depending on stress level, kind
of insulating material, and aging cell (e.g., thermoplastic or
thermosetting material, cell at uniform or divergent field).
At relatively low stresses and for homogeneous materials,
combination of Eqgs. (39) and (15) could encompass both
tree induction and growth, thus time to breakdown: see, as
an example, Fig. 17.

Thermo-Mechanical Life Models

A physical approach based on Arrhenius or Eyring relation-
ships, similar to that presented above for thermoelectrical
aging, can hold.

A thermomechanical life model derived from the Arrhe-
nius relationship is (51, 52):

L = klleXp(—BMT/ — 'L'T,M) (46)

where k;; is a constant, By is related to the activation en-
ergy of the fracture process, and 7 is the activation volume
for submicrocrack formation.

Like (37), a thermomechanical model can be obtained
resorting to the Erying law and considering partially re-
versible degradation reactions, that is (53):

L oc(h/2kT)exp(AG [ kT)csch(tM/ kT) 47

Equation (47) simplifies to the exponential model [Eq. (46)]
(once the temperature dependence of the preexponential
term has been neglected) for high mechanical stress. Both
models have, however, compatibility problems, since L #
Ly for T = 0 (Ly is life under mechanical stress). Fully com-
patible thermomechanical models can be constructed as
made above for thermoelectrical stress, Egs. (26-29,34-36)
and (34-36), simply substituting M to E and M'=M — M,
to E', in order that sets of life data either linear or showing
threshold can be fitted.

Thermo-Electrical-Mechanical Life Models

A general, phenomenological model with three stresses op-
erating simultaneously can be achieved from Eq. (25), once
appropriate expressions for single-stress lives, as well as
for the corrective term, have been selected.

Considering the Arrhenius relationship for thermal life
and the inverse power law for electrical [Eq. (4)] and me-
chanical [Eq. (23)] life, the following thermo-electrical-
mechanical life model was obtained (4, 54):

L = Loexp{—BT' — nllog(E/Eo)] — mllog(M/Mp)]
+ BT [log(E/Eo)] + b'T' [log(M/ My)]
b T'llog(E/ Eo)log(M/ M)} (48)

which is characterized by ten parameters and provides
straight life lines in log(E/E)), log(M/M,), T' vs the log L
coordinate system [Eq. (48) can be represented in a four-
dimension space; thus, only the intersections with planes
at constant stress can be plotted as three-dimension sur-
faces, e.g. Fig. 1].

A model similar to Eq. (48) can be obtained using expo-
nential relationships for electrical [Eq. (3)] and mechanical
life models (4).

PROBABILISTIC APPROACH

The probabilistic models for life inference under single and
multiple stresses reported in literature belong, in general,
to the class of parametric methods.

A general procedure which allows definition of proba-
bilistic life models, based on the Weibull function [Eq. (5)],
is discussed above for electrical stress, but may also hold
for multistress (as well as, in general, for any other best-
fitting probability distribution).

An example of an application of this procedure can refer
to the exponential threshold model [Eq. (9)]. From Eq. (5)
and considering for o the expression given by Eq. (9), the
following relationship is achieved (11):

Ir E

_ I B
(LB ph(E— Eg)) ) (49)

F(tp)=1-— —[—
(1) = 1= expl—I (=4

which is a five-parameter model. An application of this
model to the results of accelerated life tests performed on
XLPE cable models at 20°C is shown in Fig. 18, where the
life lines at failure probability 10 and 90%, obtained from
Eq. (49), are plotted. Once the model parameters have been
estimated, failure times at chosen stresses and probabili-
ties can be derived from a model like Eq. (49).

In principle, any model relating failure time to stress
can be used for «, but it must be observed that the distri-
bution of breakdown voltages (or gradients), F(E), which
results from, for example, electric strength tests, may not
be a Weibull function anymore. For example, Eq. (49) be-
comes a Gumbel distribution for ¢r = constant, which, how-
ever, can often fit electric-strength test results quite well.

The shape parameter, 8, can be assumed, as a first ap-
proximation, constant with stress, and can take the mean
value calculated for the whole set of life tests. This assump-
tion generally provides good data fitting (see, e.g., Fig. 18),
but may affect the accuracy of the failure time estimates at
extreme percentiles (e.g., 95% or 5%). When fitting is not
satisfactory, the stress dependence of 8 can be expressed by
linear or curvilinear regressions of the values estimated at
each stress level, but in this case, the number of model
parameters increases, which may affect the estimates’ ac-
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Figure 18. Electrical life lines at probability 10% and 90% de-
rived according to the probabilistic life model, Eq. (43), for XLPE
cables aged at 20°C. The confidence intervals of the experimental
points are calculated at probability 95% [after (11)].

curacy anyway.

Besides the obvious consideration that failure is a
stochastic phenomenon, which must be treated by proba-
bilistic models, the advantage of the probabilistic approach
is that the results obtained on test specimens can be ex-
tended, for rough evaluations, to more complex situations.
The acceptable failure probability, in fact, can be assumed
suitably low, considering a safety coefficient which takes
into account the risks connected with changes of insula-
tion configuration and working conditions, with respect to
the test features, as well as model extrapolation for design-
stress estimation.

NONPARAMETRIC AND ADAPTIVE APPROACHES

Nonparametric approaches for life-percentile estimation
do not resort to life models. The purpose is, in fact, life
prediction, rather than insulation characterization.

A typical procedure of probabilistic nonparametric mod-
eling is the following. Let Vi, Vy, ..., Vk denote the test
voltage levels (V; >V, > Vi) and vy, vy, ..., vk the number
of failed specimens detected at each voltage level for the
investigated insulation subjected to accelerated life test-
ing. The probability distribution function of failure times
is postulated to belong to a very general class of functions
defined by (55):

2
F, €)=Y bjc,(0) (50)

j=0

where § and ¢ are shape and scale parameter. by, b1, and
by have expressions which are functions of shape and scale
parameters, as well as of the first and second moment of
the distribution (55). The procedure for the derivation of
the probability function of the failure times of the insu-
lating material at a nominal (design) stress, Vg (Vg < Vk),
F(ty, Vg), involves four steps. In the first step, the life data
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obtained at each test-voltage level are used to derive the
distribution function from the family given by Eq. (50).
Next, a predetermined number of quantiles, q1, g2, . . ., qu,
are selected, and the corresponding values of times are ob-
tained from each distribution; that is, for the distribution
function corresponding to stress level s (s=1, ..., K), F(trs,
Vs), failure times tp1s, tros, - . ., trms are calculated. Then,
a regression analysis is performed on these quantiles to
obtain the corresponding quantiles at the nominal stress
level, Vg. From the resulting quantiles, the target life dis-
tribution F(¢g, Vg) is finally obtained through a suitable
optimization process (55).

Accuracy and adaptability in life prediction can be co-
niugated to insulation characterization, realizing a com-
promise between nonparametric and parametric methods,
resorting to the Kalman filter algorithm (56). It provides,
indeed, a parametric but adaptive inference method which
allows unbiased estimates of model parameters, particu-
larly sensitive to the lowest test stresses, to be obtained.
The Kalman filter algorithm can be applied to life models
as follows.

First, a probabilistic life model which fits data from
accelerated life tests, at least within narrow test-stress
ranges, is chosen. Resorting to Eq. (5), it can be written
as:

logtyp = K + K £(S)+ P/B (51)

where P is a given value of failure probability.

Depending on the expression of AS), electrical, me-
chanical, and thermal life models (as well as multistress
models) can be taken into account (57, 58). For example,
flE)=E — Ey or fiE)=log(E/Ey) provide the exponential
and inverse-power electrical life models [Egs. (3) and (4)],
respectively. Equation (51) collects the quantities to be es-
timated by the Kalman-filter procedure in order to charac-
terize the investigated insulating material or system and
infer design stresses. In fact, parameters &' and %" are re-
lated to life line location and slope, while 8 depends on data
dispersion.

The Kalman filter algorithm consists of observation and
system equations which relate the observed quantities, for
instance, failure times, and the system quantities, like the
model parameters, calculated at each stress level. On the
basis of Eq. (51), the observation and system equations can
be written as (57)

logtrp, = [1 f(E)PIKK/(1/B)]" + v, (52)
[agbs(l/ﬂs)]T = Gx [axflbsfl(l/ﬂ)xfl]T + rxflwxfl (53)
where iteration s (s=1, ..., K) corresponds to the sth life

test; s =1 and s = K identify the accelerated life tests at the
highest and lowest electrical stress levels of the test set,
respectively, for a given temperature. vy and w,_; are ob-
servation and system errors, whose estimation has a funda-
mental role for the efficiency of the Kalman filter algorithm
(57, 58), I's_1 is the error matrix, and G, can be taken as
coincident with the identity matrix for all s.

Since the Kalman filter algorithm is an iterative proce-
dure which uses the estimates made at iteration s —1 to
infer data at iteration s, its application to accelerated life
testing is straightforward. At each test-stress level (iter-
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Figure 19. Application of the Kalman filter method to life data at
probability 50% (confidence intervals at probability 90%) obtained
from life tests performed on PET specimens at 110°C. The life lines
obtained at each iteration (with s > 3) are displayed, together with
the linear regression of all life data [after (57)].

ation), the updating and prediction relationships, derived
from observation and system equations, are applied to es-
timate model parameters and to predict life at given prob-
ability and stress. Therefore, this method allows parame-
ter estimation as well as life forecasting to be obtained,
thus encompassing both parametric and nonparametric
approaches dealt with above.

An advantage of the Kalman filter is that parameter
estimates and life forecasting are particularly sensitive to
the last iteration, that is, the lowest test-stress level consid-
ered, which is the closest to the expected operation stress.
This feature is useful for those materials which show cur-
vatures of the electrical life line, as those depicted in Fig.
19. As can be seen, deviation from the linear behavior of
life points is detected by a Kalman filter, which adapts the
assumed model (inverse-power in the figure) to fit the data
recorded at each iteration with rate dependent on the un-
certainty of the data; the larger data variance, the smaller
the reaction of the Kalman filter to deviation of data from
linearity [this result has been obtained by proper expres-
sions of observation and system errors (57, 58)]. Of course,
when life lines show clear tendency to a threshold, a more
accurate description of endurance behavior can be obtained
applying one of the threshold models described above.
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