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““Does progressive ageing exist or is breakdown due to Does progressive ageing exist or is breakdown due to 
material factors and independent events causing material factors and independent events causing 

damage over time?damage over time?””
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Material homogeneity and ageing processMaterial homogeneity and ageing process

IncipitIncipit

““Does progressive ageing exist or is breakdown due to Does progressive ageing exist or is breakdown due to 

material factors and independent events causing material factors and independent events causing 
damage over time?damage over time?”” (question of Len D.)(question of Len D.)

… which means:
Random events external to the system

Step degradation of insulation

Ageing till breakdown

Is it ageing an intrinsic process in practical insulation systems ?

Homogeneous or inhomogeneous materials …
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Material homogeneity and ageing processMaterial homogeneity and ageing process

A. Is there any ageing process in homogeneous 
materials under normal operation stress ?

B. Do we need microscopic dishomoneneities
(e.g. microcavities), to trigger intrinsic 
degradation phenomena ?
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Material homogeneity and ageing processMaterial homogeneity and ageing process

A. Ageing in “homogeneous” materials

Space charge pattern:
(Polyolefin + 10 % wt 

Layered silicate 
nanocomposite)

Scale [C/m3]:  

Poling field: 40 kV/mm,
Breakdown in 500 s
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Material homogeneity and ageing processMaterial homogeneity and ageing process
A. Ageing in homogeneous materials

What do we mean for homogeneous materials ?

Correlation between 
defect type and size, 
stress (electric field) 
and mechanism ⇒⇒⇒⇒
the higher field and 
void size, the higher 
charge carrier energy 
available for damage. 

Defect damage 
induced and 
THRESHOLD 
concepts

(from Jonscher-Lacoste)
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Material homogeneity and ageing processMaterial homogeneity and ageing process

B. Homogeneous materials do not exist; defects from 
nanoscale to microscale .

Ageing comes from the couple stress vs. defect size

defects can grow through local energy 
storage (electromechanical, 

electrostatic) which lowers energy 
barrier for physical and chemical aging

Examples: Small defects, 
small to medium field

Examples: large 
cavity, high field

cavity enlarges (damage 
growth)

• BACKGROUND

MM model DMM model

large kinetic energy from electrons 
to lattice, thermalization, chain 
scission, structure deformation, 

oxidation, …

avalanches (hot electrons) not 
allowed
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PHYSICAL   MODELSPHYSICAL   MODELS
EXAMPLE OF PHYSICAL MODELS FOR MULTITRESSES

� LEWIS       electromechanical forces for damage growth.

Damage grows from small to larger cavities 
due to molecular-bond breakdown (cohesive 

energy)→ electron kinetic energy. 

� CRINE        

� DMM        electromechanical forces associated with 
space charges.

�ALL BELOW HIGH ENERGETIC EFFECTS 
(AVALANCHES, INTRINSIC BREAK)

L = (h/2kT) exp(∆G/kT) csch(½ ε ∆V E2/kT)
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SPACE CHARGE CENTERS

DMM MODELDMM MODEL

DEFECT  SITES
(microcavities,

clusters of chemical defects,
different trap depth).

+ APPLIED VOLTAGE

ELECTROMECHANICAL 
STRESSES
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REDUCTION OF 
∆G

DMM MODELDMM MODEL

APPLIED 
STRESSES

FREE ENERGY DIAGRAM

∆∆∆∆G(E) = G2- [G1 + ∆∆∆∆Gm(E)] = G2-G1 - AWes - BWem = ∆∆∆∆ - (AWes + BWem)

LOCAL ENERGY 
CHANGES

• W
es
, W

em
(electrostatic, 

electromechanical energy per 
moiety stored by the space-charge 
centre) raise G1 (initial state free 
energy).

Elemental strain � damage growth
(increase local moiety transf. rate, 
increase cavity size)

PRESENCE OF LOCAL MECHANICAL OR ELECTROMECHANICAL STRESS σm

ABSENCE OF LOCAL MECHANICAL OR ELECTROMECHANICAL STRESS σm

• A, B constants ≤1.

• PHYSICAL DEGRADATION
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DMM MODELDMM MODEL
• LIFE MODEL: Example
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model at 20°C

Eth(20°C)=20.42 kV/mm
A*=0.305
b=1.438

∆G/k=15190 K

∆/k=246 K
C'=8 10-4 K/(kV/mm)2b

model applied to DC life tests  
(XLPE for HVDC cables)

Threshold
characteristic

of the DMM model 
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Test at 90°C
model at 20°C
model at 60°C
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XLPE HVDC DATA AT 20°C
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DMM MODELDMM MODEL
• ROLE PLAYED BY CAVITY SIZE

Evaluation of LIFE from:
a) XLPE data fitting for HVDC cables tested at LIMAT (University of Bologna)
b) Same as a) but with r0 ten times larger.  

XLPE A
ro(cavity size)=9.5 nm
F (cavity volume fraction)=3.591*10-5 %
C’ (material constant)=9.81*10-22

b (material constant)= 1.438

XLPE B
ro(cavity size)=95 nm
F(cavity volume fraction)=3.591*10-5 %
C’ (material constant)=9.81*10-20

b (material constant)= 1.438

XLPE A

XLPE B
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Material homogeneity and ageing processMaterial homogeneity and ageing process
Going back to the existence of dishomogeneity, 
What is the role of large (tens to hundreds of µm) cavities ?

Aging due to trigger and 
growth of damage from 

air-filled microvoid 
within polymer bulk.

1.  Accumulation of electrons at the insulation (e.g. Polyethylene, PE)-
void interface and injection of electrons in the air gap filling the void;

2.  Hot-electron production in the air gap inside the void;

3. Damage accumulation in insulation due to the hot-electron 
discharges striking the opposite void surface.

THREE STEPS

LIFELIFE: growth time of a damaged zone of size dc large
enough to incept treeing

microvoid

electrodes

PE
Matrix
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1) ELECTRON INJECTON IN THE VOID
SOME INJECTED ELECTRONS FROM THE 
ELECTRODES REACH THE VOID SURFACE
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At the interface 
PE/VOID

INCOMING 
ELECTRONS 
(conduction)

OUTCOMING
ELECTRONS 

(Schottky)

Negative electron 
affinity

electrons 
injected in 

vacuum

Valence band

Polyethylene Vacuum

Conduction band

ENERGY

vacuum level

Valence band

BALANCE ⇒⇒⇒⇒ n(t) 
(No. of electrons at the PE-

void interface at time t)

Rinj: rate of injection of electrons into the microcavity

Possible ageing mechanism driven by electric fieldPossible ageing mechanism driven by electric field
The presence of cavitiesThe presence of cavities
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2) HOT ELECTRON PRODUCTION IN THE VOID
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�When EV= εrE exceeds air dielectric strength ⇒ injected electrons can 
ionize air molecules ⇒ hot-electron avalanches.

�The electron energy distribution comes to equilibrium in a very short 
time

�Number of electrons Nel produced across the void starting from one 
injected electron can be obtained by α(EV) (1st Townsend coefficient)

Nel = exp[α(EV)d]

Rel: rate of electrons colliding with the polymer surface (after 
injection into the void and avalanche multiplication)

Possible ageing mechanism driven by electric fieldPossible ageing mechanism driven by electric field
The presence of cavitiesThe presence of cavities
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3) DAMAGE ACCUMULATION

Avalanche hot-electrons hit void-PE interface  ⇒ thermalization
occurs in a slab ~200 Å thick (Ddis) ⇒ chemical damage grows in 
PE as successive avalanches cross the void.
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Possible ageing mechanism driven by electric fieldPossible ageing mechanism driven by electric field
The presence of cavitiesThe presence of cavities

DEA: Dissociative Electron Attachment scatterings
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Assuming Tdis as the time needed for disrupting the Ddis-thick 
slab (breaking of half of its CH bonds):

damage growth 
rate in PE

Life L: growth time of a 
damaged zone of size dc
large enough to incept 
treeing

3) DAMAGE ACCUMULATION

Possible ageing mechanism driven by electric fieldPossible ageing mechanism driven by electric field
The presence of cavitiesThe presence of cavities
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PARAMETRIC ANALYSIS:  LIFE (TIME TO FAILURE)

• Orders-of-magnitude
life reduction when 
cavity size increases

• ROLE PLAYED BY 
CAVITY SIZE
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d= 5 µm 
d= 10 µm
d= 20 µm 
d= 30 µm 
d= 40µm 

T=20 °C, R=10 µm, dcrit=3 µm, 
U0=0.7 eV, J from XLPE data fitting 

Material homogeneity and ageing processMaterial homogeneity and ageing process
Going back to the existence of dishomogeneity, 
What is the role of large (tens to hundreds of µm) centers ?
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• Life decreases with 
electric field and 

temperature
(see other life 

models)

• ROLE PLAYED BY 
TEMPERATURE

Life [years]
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T= 293 K (20°C); d= 30 µm 
T= 318 K (45°C); d= 30 µm 
T= 343 K (70°C); d= 30 µm

d=30 µm, R=10 µm, dcrit=3 µm, 
U0=0.7 eV, J from XLPE data fitting 

Material homogeneity and ageing processMaterial homogeneity and ageing process
Going back to the existence of dishomogeneity, 
What is the role of large (tens to hundreds of µm) centers ?

PARAMETRIC ANALYSIS:  LIFE (TIME TO FAILURE)
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XLPE SAMPLE #1 (FLAT SPECIMENS):

LIFE-TEST DATA FITTING

Life [h]
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Proposed life model, d= 10 µm
experimental data, XLPE #1 

T=20 °C, d=10 µm, R=10 µm, dcrit=3 µm, 
U0=0.7 eV, J from XLPE data fitting 
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proposed life model, d= 27 µm

Cable life estimates

OTHER MODELS DATA FITTING

T=20 °C, d=27 µm, R=10 µm, dcrit=3 µm, 
U0=0.7 eV, J from XLPE data fitting 
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Probabilistic life model
Electrical breakdown of insulation is a stochastic phenomenon, 
due to the randomness of material properties and of the 
defects size

Cumulative probability of failure P at a 
time tF, for given values of E and T, is 
assumed to be a Weibull distribution
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time-to-failure at 63.2% probability 
time-to-failure corresponding (via the deterministic model) 

to a void height with a 63.2% occurrence probability
βt:     shape factor of such Weibull distribution

αt(E,T):

βt can be associated with the shape 
parameter of the probability distribution 

of the largest void heights in the 
specimens 
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Probabilistic life model
Example of the times to failure, obtained by the probabilistic 
approach

βt=1, T=25 °C, dcrit=3 µm, R=10 µm, d=10 µm, 
U0=0.7 eV, J from XLPE data fitting 
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Example: Electrical tree growth: (Polyolefin + 10 % wt Layered silicate 
nanocomposite) 

Material homogeneity and ageing processMaterial homogeneity and ageing process

Other dishomogeneities: Protrusions

Electric field at the tip

Start PD, cavity and branches 
generation

Start electrical tree

After 4 hours After 8 hours 
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Material homogeneity and ageing processMaterial homogeneity and ageing process

Other dishomogeneities:
Protrusions

Electrical field + environment

Water tree

Electrical tree 
(particularly if external overstress, 

e.g. lightning overvoltage)
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SUMMARY
�Intrinsic ageing mechanism, related to nano-micro-macro scale

dishomogeneities and extent of electrical stress and  thermal 
stress (+ mechanical stress, environment)

�It is the couple stress-dishomogeneities that determines:
•the presence of intrinsic ageing
•the aging rate

�External phenomena (voltage transients, overheats) certainly 
contribute (e.g. developing of tree from cavity, step growth of 
electrical tree) leading to irreversible contribution to ageing 
(reducing life)
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CONCLUSIONS
�Models can describe the growth of damage from microvoids 
embedded in polymeric insulation � experimental data fitted

� The parametric analysis shows consistency with avalabile data 
literature, but still too few aging-life data, especially at   low fields

Does progressive ageing exist or is breakdown due to material faDoes progressive ageing exist or is breakdown due to material factors and ctors and 
independent events causing damage over time?independent events causing damage over time?

Breakdown is certainly a probabilistic phenomenon, but it can 
be associated with a deterministic ageing process

�Can be applied also to other kinds of defects that generate hot 
electrons in insulation (e.g. protrusion).

Distinguish between quality control (major defects bringing to 
failure in short time) and failure due to ageing-driven processes
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CONCLUSIONS

Keep in mind the intersection of failure probability of random external 
events (like overvoltage occurrence) and the intrinsic cumulative failure 

probability of insulation system
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Area = failure risk

Weibull:
αW=30 kV;
βW=5;

Gaussian:
αG=20 kV;
βG=5;
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Example
Insulation life estimation under in randomly distorted voltage 

conditions
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Life estimation in integral form:

Total occurrence frequency of an r.m.s. 
harmonic voltage in the range 
[Vh,Vh+dVh] during insulation life:
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h5.65 108L0
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