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A phase-field model is developed in this paper based on the similarity between mechanical fracture and dielectric breakdown. 
Electrical treeing is associated with the dielectric breakdown in solid dielectrics by the application of high voltages. Instead of 
explicitly tracing the propagation of conductive channel, this model initializes a continuous phase field to characterize the extent 
of damage. So far, limited research has been conducted for simulating the effect of nanofiller dispersion on electrical treeing. No 
study has modeled the effect of uniform and nonuniform dispersion of nanofillers with varying filler concentration on treeing. 
Since electrical treeing tends to decrease the breakdown strength of solid dielectrics therefore, nanofillers are widely used to 
distract the tree from a straight channel to distribute its energy in multiple paths. Diverting a straight treeing channel into mul-
tiple paths reduces the chances of its propagation from live to dead-end hence, improving the breakdown strength. The physical 
and chemical nature of nanofillers has a crucial impact on increasing the resistance to treeing. In this paper, phase-field model is 
developed and used to simulate electrical treeing in polyethylene for varying concentrations of alumina nanofiller using COM-
SOL Multiphysics. Tree inception time, tree-growth patterns, and corresponding changes in dielectric strength is studied for both 
dispersions. Electrical treeing under different concentrations of alumina nanofillers with uniform and nonuniform dispersion is 
investigated in polyethylene as a base material. It is observed that fillers with uniform dispersion increases the resistance to tree-
ing and tree inception time. Highest resistance to treeing is observed by adding 1% nanoalumina uniformly in raw polyethylene. 
Moreover, in uniform dispersion the tree deflects into multiple branches earlier than nonuniform dispersion impeding the damage 
speed as well.
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Abbreviations

HVDM	: High-voltage dielectric material
PFM	 : Phase-field model
PE	 : Polyethylene
PVDF	 : Polyvinyledene fluoride
XLPE	 : Cross-linked polyethylene
TIT	 : Tree initiation time
PDE	 : Partial differential equation
PD	 : Partial discharge.

1. � Introduction

Solid dielectrics experience irreversible degradation phe-
nomena, which leads to the complete failure of insulation 
material. When solid dielectrics are subjected to high elec-
tric stresses, electrical treeing starts which is basically a deg-
radation phenomenon in solids. From these treeing paths, 
partial discharge (PD) begins and therefore, the tree propa-
gates in the direction of the applied electric field. Once the 
tree reaches the opposite electrode, the insulation is bridged 
and can never be recovered hence, it is called an irreversible 
breakdown. In high-voltage dielectric materials (HVDMs), 
electrical treeing often occurs as a precursor of dielectric 

breakdown phenomena.1–4 To develop reliable insulations for 
power industries and other applications, it is required to study 
the insight of electrical treeing mechanisms and find ways to 
suppress treeing. The tree originates from the point where 
the electric field is highly concentrated such as a sharp edge 
or a void defect.5 Electric field localization is usually caused 
by defects (voids and contaminants) which may be present in 
the insulation at the time of manufacturing or afterward due 
to electromechanical stress and chemical pollutants present 
in the environment.1

Treeing phenomena have three significant phases i.e., tree 
initiation, propagation, and extinction.6 Researchers identi-
fied so many factors that control the tree growth which are 
applied voltage, frequency, temperature, nonuniform or con-
centrated electric field, and PD.7–9 In general, the electrical 
tree initiation is greatly influenced by the magnitude, polar-
ity,10 and type of voltage (AC,11 DC, and impulse). Also the 
effect of bipolar square wave voltage,12 distributed DC wave-
form,13 ramp voltage,14 harmonics,15 and superimposed DC 
voltage16 on electrical treeing growth was studied. Under rel-
atively high applied voltages,17 temperature18,19 or frequen-
cies20,21 electrical tree becomes fractal. Electrical treeing in 
base material Perspex,22 epoxy,23 cross-linked polyethylene 
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(XLPE),24,25 and under the effect of alumina filler,26 ZnO 
filler,27 MgO filler,28 and SiO2 filler29,30 was also investigated. 
In the past few years, several models have been proposed for 
understanding the electrical treeing mechanism.1,31 Different 
methods have also been adopted to enhance the dielectric 
strength such as adding inorganic nanofillers into the dielec-
tric which divides the breakdown channel into multiple paths 
and increases the resistance to treeing.32–39 A branched break-
down path (multiple paths) can dissipate more energy than a 
single channel therefore, by dividing a straight channel into 
multiple paths the dielectric strength can also be enhanced.40

1.1. � Existing models on electrical treeing

There are two different common approaches to model elec-
trical treeing. The first is statistical, and the second is a 
physics-based approach. The statistical models use various 
statistical techniques to illustrate the breakdown of solid 
dielectrics by fitting the data collected from experiments to 
statistical distributions, i.e., Weibull distribution,41 log-nor-
mal distribution,42 and Johnson SB distribution.43 The phys-
ics-based models include physical mechanisms like the 
dielectric breakdown model,44,45 the discharge-avalanche 
model,46 and the field-driven tree-growth model.47 Table  1 
briefly describes the existing models.

These models give an insight into treeing mechanism. 
Recently a phase-field model (PFM) was used to simulate 

the breakdown in nanocomposite polyvinylidene fluoride 
(PVDF) and BaTiO3,49 inspired by the similarity between 
dielectric breakdown and brittle fracture.17,50–53 Another 
study used PFM to simulate electrical treeing with nee-
dle-shaped fillers.54 Moreover, the influence of nanoparticle 
on treeing in epoxy is also studied.55 PFM was also used to 
investigate dielectric breakdown in ferroelectric polymers,56 
and ceramics.57

No study has modeled the effect of uniform and nonuni-
form dispersion for varying filler concentrations on electrical 
treeing. This study investigates the effect of both dispersions 
on electrical treeing. In the proposed research, PFM is used 
to simulate the initiation and propagation of electrical treeing 
in polyethylene (PE) and investigate the effect of both dis-
persions on suppressing electrical tree for various concentra-
tions of alumina nanofiller. This paper presents fundamental 
modeling concepts, phase-field formulations, and how they 
interpret the physical phenomena. COMSOL implementa-
tion strategy, dimensions of loading geometry, and various 
other specifications have been discussed. Obtained numerical 
results for three cases (treeing in raw PE, under the effect of 
nonuniformly, and uniformly dispersed alumina nanofillers) 
have been presented and thoroughly discussed for varying 
filler concentrations. Further, it contains the basic compari-
son between the treeing propagation under all the three cases 
mentioned above. Finally, the conclusion summarizes the 
outcome of this work and potential future recommendations. 

Table 1.  Classification of models for simulating electrical treeing propagation through solid dielectrics.48

Physical Empirical Deterministic Stochastic Multiphysical Cellular automata

Introduction 
and 
methodology:

In this model, 
a physical 
experiment 

is carried out 
involving electrical 
aging and dielectric 
breakdown. Based 

on the results a 
model or equation 

is developed.

Use analytical 
expressions 

attained by the 
curve-fitting 
method in 

experimental 
results.

It is based on 
electrostatics and 

local electron 
avalanches to 
model the PD 
within the tree 

structure.

Electrical stress 
is calculated 

repeatedly at the 
point of interest, 

considering 
treeing as an 

iterative process.

Describing treeing 
phenomena into 

algebraic equations, 
and then post-

processing the data.

Widely used for 
modeling complex 
systems. It divides 
solid dielectric into 
a matrix of cells to 
investigate treeing 

and its various 
aspects.

Conclusion: The physical model 
is sometimes 

difficult to build 
due to lack of 

resources.

There is a linear 
correlation 

between the fractal 
dimension and the 
time required for 

breakdown.

Damage caused by 
treeing is directly 

proportional to 
energy dissipated 

in PD.

Discrete growth 
and propagation 

probability 
usually rely on 

the magnitude of 
the local electric 

field strength.

Propagation of 
plasma channels 

depends on ionization 
processes as well as 
electromechanical 
and electrothermal 

instabilities.

Dielectric 
breakdown is 

considered discrete 
in time and 

space and can be 
analyzed by using 
local interactions.

Application: Useful for 
quantitative 

investigation of 
the dependence 

between tree 
propagation and 
applied voltage.

Can be used to 
find a relationship 
between time and 
length during tree 

propagation.

Branched trees can 
be obtained without 
random variables, 

as fluctuations 
in the electric 

field strength are 
controlled by PD.

Helpful to 
predict the effect 

of barriers on 
electrical tree 

growth.

Predict the useful 
life of dielectric as 
a function of the 
applied voltage, 
temperature, and 

fractal dimension with 
a single equation.

Used to examine 
the effect of space 
charge carriers on 
tree propagation.
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The aim of this paper is to model the effect of uniform and 
nonuniform filler dispersion on electrical treeing, and an 
attempt to delay the breakdown process in solid dielectrics.

2. � Phase-Field Model for Electrical Treeing

Phase-field formulations and methodology are discussed in 
this section. Figure 1 shows the workflow for the develop-
ment of PFM to simulate electrical treeing. Once the model 
is developed and the electrical tree is simulated, then we can 
investigate various other properties by analyzing the effect 
of uniform and nonuniform dispersion for various concentra-
tions of nanofiller.

The simulation of electrical treeing is followed by the 
similarity between mechanical fracture and dielectric break-
down. The detailed modeling is discussed in Refs. 49 and 53. 
A scalar field is something that has a value at each point in 
space and time. It is required to initiate a phase-field variable 
“d(x, t)” which can predict the permittivity change for dif-
ferent phases (intact phase, damaged phase, partial damaged 
phase). A scalar phase-field “d(x, t)” is initialized which is 
both spatial and time-dependent where variable “d” is used 
to describe the damage status of dielectric. The value of “d” 

will determine the severity of the damage which is ranging 
between (0 and 1). If d = 1, the material is healthy indicating 
that there is no damage or treeing whereas for d = 0, the mate-
rial is fully damaged. For any intermediate state when the 
material is partially damaged, “d” takes any value between 
0 and 1. The noticeable fact is that the material has now a 
state-dependent permittivity e(d) indicated in equations 
1(a−c) for healthy, partially damaged, and fully damaged 
state:
Equation (1(a)) indicates the permittivity for undamaged ma-
terial.
for d = 1:

	 e eintact = 0 , 	 (1a)

e0: Initial permittivity for intact material.

Equation (1(b)) indicates the permittivity for intermediate 
damage state.

for 0 < d < 1:

	 e e
λpartially damaged =

+
0

f d( )
	 (1b)

(interpolated by ( )f d d d= −4 33 4).53

Equation (1(c)) indicates the permittivity for a fully damaged 
state.

for d = 0:

	 ,e e
λfully damaged = 0 	 (1c)

where “λ” is usually a small number that determines the per-
mittivity of the damaged zone, for example if λ = × −1 10 3 it 
means the permittivity in damaged region will be 1000 times 
than that of the intact region. However, “λ” should not be 
too small so that the permittivity of the damaged region 
becomes infinite. As the conductivity of damaged region 
increases consequently, the tree propagates with very high 
speed making the system highly dynamic. This makes it dif-
ficult for the software to converge the solution.53 However 
keeping “λ” sufficiently small by applying ramping and other 
such techniques could resolve the issue of high dynamics and 
ill convergence. During electrical treeing, material damage 
takes place which decreases the total potential energy of the 
system. The total energy of the system “Π” can be computed 
by considering the combined effect of three forms of energies 
by evaluating the volume integral, as indicated in Eq. (2)

	 Π
W

d W E d W d W d dVd i, ,( ) ( ) ( )φ[ ] = + + ∇[ ]∫ es 	 (2)

where
W: Spatial domain occupied by the solid dielectric,
φ: Electrode potential.Fig. 1.  Workflow for simulating electrical tree by PFM.

2250006.indd   3 06-23-22   08:54:42



K. Azhar & S. Amin� J. Adv. Dielect. 12, 2250006 (2022)

2250006-4

	 WSPC/270-JAD  2250006  ISSN: 2010-135X

Moreover, the electric potential “φ(x, t)” is related to elec-
tric field “E = −∇φ ”.

The expressions for these three forms of energies are 
expressed in Eqs. (3)–(5).

1. Wes complementary electrostatic energy per unit volume:

	 , · .( )W E d E Ees =
−e
2

	 (3)

2. Wd damage energy:

	 ( ) ,( )W d W f dd c= −[ ]1 	 (4)

where Wc is the critical density of electrostatic energy.

3. W di ( )∇  Gradient energy term:

	 · .( )W d d di ∇ = ∇ ∇
Γ
4

	 (5)

It is the interface energy, use to regulate sharp phase boundar-
ies where Γ is approximately the breakdown energy.

2.1. � Linear kinetics law

The proportionality between the rate of damage and ener-
getic driving forces enables us to employ the linear kinetic 
law indicated in Eq. (6).

	
∂
∂

= −
d

t d
μ δ

δ
Π

. 	 (6)

Here, “μ” is the mobility that is a material parameter, and it 
determines the speed of damage in the dielectric.

Substituting the three forms of energy function in linear 
kinetic law, and expressing as the summation of electrostatic, 
damage and interface contribution in Eq. (7):

	
1

2 2
2

μ
e

φ φ∂
∂

=
( )

∇ ∇ + ( ) + ∇
′

′
d

t

d
W f d dc· .

Γ
	 (7)

For modeling, we normalize the above equations to get the 
principal dimensionless equations for simulating electrical 
tree patterns in COMSOL. The requirement of several mate-
rial parameters that are often difficult to find can be reduced 
by normalization. Energy density (Wes) is normalized by Wc, 

time (t) by 1
μWc

, electric potential (φ) by Γ e 0 , and length 

(l) by Γ Wc.
Following are the PFM equations that describe the physics of 
the treeing phenomena:

	 ∇ ( ) +
∇







=. ,

1
0

f d λ
φ 	 (8)

		

	
∂
∂

= −
( )

( ) + 
∇ ∇ + ( ) + ∇

′
′

d

t

f d

f d
f d d

2

1

22
2

λ
φ φ. . 	 (9)

In Eqs. (8) and (9), the over-bar symbols are dimension-
less quantities. The simulations are performed by loading 
both these equations along with other parameters in a two-
dimensional (2D) domain using COMSOL Multiphysics. 
The study is time-dependent due to the presence of time-
dependent derivatives. Along with proper initial and bound-
ary conditions, the geometry is loaded, and these equations 
are computed for two fields φ ( , )x t  and ( , )d x t . To introduce 
randomness in the simulation for the initiation of the elec-
trical tree, we introduce a random function and add this per-
turbation with the coefficient of damage energy term in the 
equation representing the rate of damage.49

3. � Results and Discussion

The loading setup is a rectangle-shaped specimen and volt-
age is applied across the electrodes through boundary condi-
tions as shown in Fig. 2. Voltage is applied by controlling the 
charge accumulation (Q=It) of the lower electrode. In numer-
ical calculations, a dimensionless discharge speed (Id) is con-
sidered (normalizing I by μ eΓ 0Wc ), which can be changed 
by changing either mobility “μ” or controlling electric current 
“I”. The material is homogenous, so we introduce some ran-
domness into it as discussed previously.

As seen from Fig.  2, this sample is twice in length as 
compared to width. A field concentrator of length 1/10 times 
the total length is placed at the center of the upper boundary 
because the breakdown process or treeing usually initiates 
from the points where the field is concentrated. Therefore, 
at the tip of this conductive line, the field is concentrated 
enough to initiate electrical treeing and propagates toward 
the ground electrode.

3.1. � Electrical tree initiation and propagation

Figures  3(a)–3(d) show the initiation and propagation of 
the electrical tree for a specified time-lapse. The shading 

Fig. 2. Loading setup schematic.
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represents damage variable “d” in which the damaged region 
is indicated in blue, and the healthy region is shown in red, 
the other shades represent partially damaged dielectric. The 
contour lines represent the electric potential. The tree growth 
shown in Figs. 3(a)–3(d) is for successive time steps.

Effect of varying concentration of nanofiller on electrical 
breakdown:

The effect of the addition of nanofiller on electrical tree-
ing under uniform and nonuniform dispersion with varying 
percentages is investigated independently and presented for 
each case in the subsequent sections.

To make the dispersion of nanofiller according to a spe-
cific percentage, first, the area of specimen is calculated 
and then the number of required nanofillers (to cover a 
specific percentage of the total area) is estimated. These 
nanofillers are then placed in the simulated model of spec-
imen uniformly and nonuniformly. More number of nano-
filler particles are required in order to increase the filler 
concentration.

3.2. � Tree suppression by nonuniform dispersion of 
nanofiller

Electrical treeing has three different phases i.e., inception, 
propagation, and extinction. The last phase will lead to com-
plete dielectric breakdown. In this section, the nonuniform 
dispersion of nanofillers with varying filler concentrations 
from 0.2% to 1% is presented. The treeing initiation in non-
uniform dispersion of nanofiller starts after 0.6 s compared 
to 0.5 s in the raw dielectric. As more energy is dissipated 
in multiple paths rather than the single channel therefore, 
additional energy will be required for complete dielectric 
breakdown. Nanofiller distracts and divides the tree into 
multiple paths, so tree inception time (TIT) is increased. The 
nanofiller attracts the treeing channel toward itself due to its 

permittivity. Consequently, electrical tree propagates slowly 
in a branched channel (multiple branches) via high resistance 
path, rather than a straight low resistance path.

Figures 4–8 are for varying filler concentrations and each 
is presented for four different time stages (a)–(d). When the 
filler concentration is low, the breakdown path is slightly 
tilted as shown in the last two stages of Figs. 4–6. For higher 
filler concentration, the channel tries to divide into multiple 
paths as shown in the last two stages of Figs. 7 and 8. From 
Figs.  4(a)–4(d) and 5(a)–5(d) (corresponding to 0.2% and 
0.4% filler concentrations), we see that by the addition of 
nanofiller the treeing channel is slightly tilted due to surface 
energy of the nanofiller. As the concentration of nanofiller 
increases in Figs.  6(a)–6(d) (corresponding to 0.6% filler 
concentration), a second channel tries to begin at the bottom. 
In Figs. 7(a)–7(d) and 8(a)–8(d) (corresponding to 0.8% and 
1% filler concentrations), it can be seen clearly that for the 
later stages ((c) and (d)) the treeing tries to form multiple 
channels as compared to initial stages ((a) and (b)). This hap-
pens at the cost of increasing filler concentration as in Figs. 7 
and 8, and at later stages. Initiation of multiple paths at an 
earlier stage with lower filler concentration further improves 
the dielectric strength. Any conclusion made about the effec-
tiveness of nanofiller in tree suppression by nonuniform dis-
persion is not as much reliable as compared to their uniform 

Fig. 3.  (Color Online) (a)–(d) tree initiation and propagation for 
different time steps, the blue color represents the damage whereas 
the red represents no damage. The contour lines are equipotential 
lines for the electric field (a) for the time around 0.5 S, (b), (c) for 
the time about 0.6 S, and (d) for 0.63 S, all time steps have different 
potential and damage is increasing with the potential.

Fig.  4.  (a)–(d): 0.2% nonuniform filler dispersion for different 
time steps.

Fig.  5.  (a)–(d): 0.4% nonuniform filler dispersion for different 
time steps.
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dispersion. In the next section, uniform dispersion for various 
percentages of fillers is presented.

3.3. � Tree suppression by uniform dispersion  
of nanofiller

Fortunately, while simulating with COMSOL we can arrange 
the nanofillers uniformly (at a specified distance) which is a 
limitation in the practical approach. Instead of nonuniformly 
dispersing the nanofillers as in the previous section, here we 
uniformly arrange them to develop a uniform electric field 

which will delay the breakdown. The TIT for uniform disper-
sion of nanofiller is around 0.8 s (for 1% filler concentration, 
respectively). In uniform dispersion, branching of the chan-
nel occurs earlier and even with low filler concentration. This 
is due to conduction between neighboring filler particles that 
are symmetrically dispersed.

Comparing Figs. 3(a)–3(d)–8(a)–8(d) with Figs. 9(a)–9(d)– 
13(a)–13(d), we observe that TIT has been increased as tree-
ing becomes slow. In previous cases, the tree initiates between 
0.5 and 0.67 s but now after uniformly distributing nanofill-
ers, the tree initiates at about 0.75–0.8 s. In Figs. 10(a)–10(d) 
(corresponding to 0.4% uniform filler concentration) six 
nanofillers are placed symmetrically. Till Fig. 10(b) the tree 
has one path. As it propagates further, the conductive break-
down channel splits due to surface energy of nanofiller. 
Therefore, channel divides itself as shown in Fig.  10(c).  
In Figs. 11(a)–11(d) (corresponding to 0.6% uniform filler 
concentration), ten nanofillers are placed symmetrically. As 
compared to Figs. 10(b) and 10(c), we can see that Figs. 11(b) 
and 11(c) have dual channels sideways and some minor 
channels try to form in between. It increases the resistance 
to treeing which improves the breakdown strength. Similarly 
in Figs. 12(a)–12(d) (corresponding to 0.8% uniform filler 
concentration), 12 nanofillers are placed symmetrically. The 
improvement in results can be seen by comparing the treeing 

Fig.  6.  (a)–(d): 0.6% Nonuniform filler dispersion for different 
time steps.

Fig.  7.  (a)–(d): 0.8% Nonuniform filler dispersion for different 
time steps.

Fig. 8.  (a)–(d): 1% nonuniform filler dispersion for different time 
steps.

Fig. 9.  (a)–(d): 0.2% Uniform filler dispersion for different time 
steps.

Fig. 10.  (a)–(d): 0.4% uniform filler dispersion for different time 
steps.
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pattern in Figs. 9(a), 10(a), and 11(a) with Fig. 12(a). It is 
obvious that for the same time step, the tree divides into two 
channels as in Fig. 12(a) than in previous cases shown in 
Figs. 9(a), 10(a), and 11(a). As shown in Figs. 13(a)–13(d) 
(corresponding to 1% uniform filler concentration), 16 nano-
fillers are placed symmetrically. It is clear from Figs. 13(a) 
and 13(b) the tree divides into three channels earlier than ever 
before. In all the uniform dispersion cases, the treeing has 
become slow as it tries to have more than one path. Moreover, 
the branching of the channel in uniform dispersion is more 
obvious as compared to the multiple channels formed in non-
uniform dispersion.

By looking at the treeing patterns, it is clear that tree 
branching into multiple paths is dissipating more energy 
hence, resulting in breakdown strength improvement. 
When the filler attracts the channel, the tree is inherently 
divided into more than one path which will impart higher 
resistance to treeing and results in dielectric strength 
improvement. Above 1% filler concentration the tree is 
again propagating speedily, it does not divide into branches 
quickly as in the case of Fig. 13(a). Damage will occur 
above 1% filler concentration because some conductivity 
is introduced in the dielectric by the addition of filler parti-
cles, after a specific filler concentration the dielectric prop-
erties slightly shift toward conduction and this is why the 

treeing is relatively fast above 1% filler concentration, also 
reducing the dielectric strength. Therefore at 1% uniformly 
dispersed alumina filler, the dielectric shows superior per-
formance. Whereas, below and above 1% the dielectric is 
damaged earlier.

The effect of uniform and nonuniform dispersion of alu-
mina fillers in PE base for varying concentrations on elec-
trical treeing is summarized in Table  2. In this table, the 
highest breakdown strength has been reported at 1% alu-
mina filler in PE, above 1% filler concentration the break-
down strength is again relatively low. The possible reason 
for this behavior is the uniformity which is created in the 
electric field and introduces semi-conductive effect in the 
dielectric. Increasing the filler concentration produces the 
extra alignment above 1% filler loading consequently, it 
lowers the dielectric strength. Since all the loadings >1% 
impart nearly the same effect on breakdown strength i.e., 
lowering the strength therefore, the last row presents the 
overall effect for >1% filler loadings.

Figure 14 shows the speed of electrical tree propagation 
under all three conditions (uniformly/nonuniformly filled and 
unfilled dielectric).

4. � Comparison of Electrical Treeing Patterns

The damage state of the dielectric at a fixed applied voltage 
in each of the three cases (i.e., raw, uniform, and nonuniform 
dispersion of filler), is investigated with varying nanofiller 
concentrations. It can be seen in Fig. 15(a) for raw dielec-
tric that the breakdown constitutes a greater region. Bulk of 
the material is damaged as shown in the blue area, also the 
treeing reaches 100% of the sample length. In Fig. 15(b) for 
nonuniform dispersion, the dielectric strength is relatively 
improved as the tree length has been reduced to almost 70% 
of sample length for the same applied voltage and time. In 
Fig. 15(c) for uniform dispersion, the dielectric strength is 
greatly enhanced and resistance to treeing also increases, the 
tree does not propagate more than 50% of sample length. 
Furthermore, the single channel has been divided into 
multiple paths enabling it to dissipate more energy. Now 

Fig. 11.  (a)–(d): 0.6% uniform filler dispersion for different time 
steps.

Fig. 12.  (a)–(d): 0.8% Uniform filler dispersion for different time 
steps.

Fig.  13.  (a)–(d): 1% uniform filler dispersion for different time 
steps.
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additional time and voltage are required for tree propaga-
tion, therefore, increasing TIT. Hence uniform dispersion of 
nanofillers could improve the dielectric strength more than 
nonuniform dispersion.

Previous research studies were carried out without 
considering the method of filler dispersion for various 

concentrations.49,53,58 Despite the results reported in earlier 
studies, the effect of filler dispersion is not completely under-
stood yet. However, filler dispersion has a crucial role in set-
ting up the electric field which is responsible for the dielectric 
breakdown. Therefore, a better understanding of filler dis-
persion is the requisite for the development of innovative 
HVDMs. The proposed PFM investigates the effectiveness 
of the filler dispersion method for various concentrations of 
filler in suppressing electrical tree. The treeing pattern shows 
the improvement in the dielectric strength under both uni-
form and nonuniform dispersions.

5. � Conclusion

Investigation of electrical treeing in the laboratory requires 
a lot of time and resources. Electrical treeing, a type of 
dielectric breakdown, is studied by the PFM approach in 
this paper, transforming the complex physical phenom-
ena into a couple of partial differential equations in which 
every variable has a physical meaning. To improve the 
dielectric strength, the effect of adding alumina nanofill-
ers (uniformly and nonuniformly dispersed) was examined. 
Treeing phenomena in pure PE and PE alumina nanocom-
posite were investigated with varying filler concentra-
tions. It was observed that the addition of 1% by weight 
of alumina nanofiller (uniformly dispersed) improves the 
resistance to treeing of the dielectric. The effect of fillers 
dispersion on electrical tree propagation is interpreted by 
using PFM.

Nonuniform dispersion of nanofillers improves the break-
down strength up to 22.4% whereas the uniform dispersion of 
nanofillers improves up to 38.2%. Nonuniform electric field 
is a mandatory condition for dielectric breakdown. Under 
uniform dispersion, the electric field mostly remains uniform 
and less intensified therefore, the breakdown phenomena is 
suppressed. The TIT is increased from 0.5 s in the raw dielec-
tric to 0.80 s with uniform dispersion of 1% alumina nanofill-
ers, also tree extinction time increased appreciably. Treeing 
patterns observed in this study illustrate that by uniformly 

Table  2.  Effect of Various Concentrations of Fillers (Uniformly and Nonuniformly Dispersed) on the Electrical Treeing, Nominal 
Breakdown Strength, and TIT for efiller = 9.3 (Alumina) and ebase = 2.2 (PE).

Raw dielectric

Filler 
%age

Nonuniform dispersion Uniform dispersion

Nominal 
breakdown 
strength TIT (s)

Resistance to 
treeing

Nominal 
breakdown 

strength TIT (s)
Resistance 
to treeing

Nominal 
breakdown 

strength TIT (s)
Resistance to 

treeing

0.89 0.5371 Low 0.2% 1.05 0.63705 Low 1.16 0.75624 Low

0.4% 1.07 0.65218 Low 1.17 0.77238 Low

0.6% 1.08 0.67055 Low 1.18 0.78334 Low

0.8% 1.08 0.67058 Medium 1.19 0.7900 Medium

1% 1.09 0.67060 High 1.23 0.80901 High

>1% 1.06 0.67000 Low 1.15 0.78123 Low

Fig. 15.  (a)–(c) Comparing the effect of unfilled and filled (uni-
form and nonuniform) dielectric on treeing pattern at fixed applied 
voltage (a) treeing pattern in raw dielectric without any filler. (b) 
treeing pattern with 1% nonuniformly dispersed alumina nano
fillers. (c) treeing pattern with 1% uniformly dispersed alumina 
nanofillers. The legend represents electric potential “f” and damage 
variable “d”.

Fig. 14.  Comparison of electrical treeing speed by a line graph, for 
raw PE and PE with 1% alumina filler under uniform and nonuni-
form dispersion, TIT verses tree in sample of length 100l.
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distributing the nanofillers, one can delay the electrical tree 
successfully. Hence, such dielectrics could be possibly used 
for any extra-high-voltage applications. Practically, it is dif-
ficult to set the exact location of filler into the dielectric but 
phase-field modeling enables us to distribute the fillers at 
the desired location and percentage using COMSOL. This 
research paper also sets the basis for further studies such as 
the effect of different filler’s permittivity, geometries, and 
sizes on treeing to understand electrical treeing phenomena 
with more depth in other composite dielectrics.
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