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Abstract—The influence of an insulating crack on the
dielectric breakdown of polymers and ceramics is evaluated by
finite element modeling. Measured dielectric breakdown and
relative permittivity for epoxy resin and alumina specimens
were used as inputs for the numerical model. An insulating
crack was modelled in the center of the material, with its
longitudinal direction aligned parallel and perpendicular to the
electric field direction. The intensity of the electric field
increases up to 17 times, confined within the crack when the
crack was perpendicular to the field. The presence of a crack
parallel to the field does not cause large disturbances on the
electrical field distribution. The measured dielectric breakdown
for both materials were similar to those obtained by the model
with the crack in perpendicular direction.

Keywords—dielectric breakdown, alumina, epoxy resin, finite
element modelling

I. INTRODUCTION

Polymers and ceramics are widely used as packaging
materials for electronic devices, ranging from low to high
voltage applications. However, these insulating materials are
susceptible to electrical breakdown, which is a critical
parameter affecting the reliability and lifespan of such
devices. The breakdown process is complex and not fully
understood, as it may involve multiple coupled effects such as
thermal, mechanical, and electrical phenomena. Various
mechanisms have been proposed to describe the breakdown
process of solid dielectrics, with the most studied models
being electrical, thermal, and electromechanical ones [1].

By definition, electromechanical breakdown occurs when
the electrostatic attraction between charged particles exceeds
the elasticity of the dielectric material. The high electric fields
can induce microscopic damage, leading to mechanical failure
due to electrical and mechanical interactions. Several analyses
have suggested that the presence of pre-existing cracks within
the material plays a significant role. Principles of fracture
mechanics and analogies to it have demonstrated a
relationship between dielectric strength, and the defects within
the material [2-6]. Therefore, understanding the role of pre-
existing cracks on the dielectric breakdown of solid dielectrics
is crucial for designing reliable insulating systems [2].

This study aims to investigate, both theoretically and
experimentally, the influence of initial cracks on the dielectric
breakdown of polymers and ceramics subjected to high
voltages. The finite element model (FEM) is a progressive
electrostatic model in which the material (dielectric)
properties corresponding to each voltage are sequentially
considered for the next incremental voltage step. Even when
this simplified model does not account for mass transport or
dynamic effects, it is shown here that it is able to capture the
fundamental governing physics of dielectric cracks and
explain the experimental results.

II. METHODS

A. Experimental characterization of dielectric properties

The input values for the FEM were obtained from the
dielectric characterization of a commercial alumina and a
home-synthesized epoxy polymer. The epoxy polymer RE
7000-1 (bisphenol-A and epichlorohydrin), along with its
crosslinking agent HD 307 (alkylated phenols and
polyoxypropylenediamine) were acquired from Poliformas
Plasticas (Mérida, Mexico). a-Al>O; plates with thickness of
1 mm were sourced from CeramTec (Plochigen, Germany).

Dielectric breakdown tests were conducted in a DPA 75C
oil breakdown voltage tester (BAUR, Austria) equipped with
spherical electrodes of 12.7 mm in diameter. Square
specimens with in-plane dimensions of 25 mm x 25 mm, and
1 mm thickness were subjected to a sinusoidal 50 Hz
alternating current signal with a voltage ramp of 1.5 kV/s for
ALOs3 and 3.0 kV/s for epoxy polymer. Specimens were
immersed in a dielectric fluid (Galden HT55) to avoid surface
flashover. Dielectric properties of both materials were
obtained by analyzing the phase shift of the voltage and
current signals in a frequency (f) range of 10~ to 10° Hz at an
applied voltage of 1 V. For this purpose, an Alpha-A
broadband dielectric spectrometer (Novocontrol
Technologies, Montabaur, Germany) was used. Both
materials were cut in squared shapes with dimensions of 25
mm x 25 mm. Then, a ~50 nm-thickness gold electrode was
defined in both surfaces of each sample. Tests were performed
at room temperature (~25 °C) and three replicates of each
material were tested.

B. Finite element modelling

A progressive FEM was developed to analyze the effect of
a crack on the electric field distribution in epoxy and alumina
specimens. This electrostatic model was simulated by solving
the Poisson’s equation using the software ANSYS®. Although
the analysis of this problem in a three-dimensional scenario
should be more realistic, a two-dimensional domain was
selected for improve the efficiency of calculations. The two-
dimensional simplification might not yield the same electric
field intensity, but the same electric field distribution [7].
Therefore, the geometry of the model simulates a slice of the
through-thickness direction (xz plane) of specimens used in
dielectric breakdown tests. The model is two-dimensional,
and the geometry consists of a rectangular cross-sectional area
with dimensions of 25 mm x 1 mm, composed of 24 areas, and
63,240 quadratic elements (PLANE230). An initial crack with
dimensions of @ = 500 pm and b = 10 pm and specific material
properties (see Table I) was placed at the center of the plate
specimen, as shown in the inset in Figure 1.

The mesh of the model was graded (refined) according to
the proximity to the crack tip. A refined mesh zone (RMZ) of
1500 um was defined after a dedicated analysis. This zone



contained the smallest elements (SE), 10 pum x 10 pum, and
covers the distance of the crack length plus a distance where
the parameters of interest are not expected to change. Outside
this zone, the specimen was meshed with larger elements (LE)
of 50 um x 10 pm to simulate the far-field zone. A
convergence analysis was conducted to determine the
independence of the results with the number of elements.
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Fig. 1 Electrical FEM of dielectric breakdown of a plate specimen

containing a crack.

The electrical field was applied along the through-
thickness (z-direction) by fixing a potential difference
between the two longitudinal edges of the modeled specimens,
with V=0V at the bottom edge, and V' =V} at the top edge.
The model was evaluated under DC voltages, and dynamic
effects were not included. In each step, the voltage was
increased according to the voltage ramp used in the
experimental part. After each voltage step, the electrical field
and current density were extracted, focusing on their local
gradients around the crack.

Dielectric breakdown can be treated as a local change of
conductivity when a voltage applied through an insulator
exceeds a threshold [8,9]. Thus, the dielectric breakdown was
modeled by changing the local material properties (electrical
conductivity and relative permittivity) of elements that exhibit
electrical field gradients higher than the dielectric breakdown
value obtained experimentally, as described in Figure 2.

Initial state
Crack
V=V,
I T P P o 7 7 3 I
7 TR (NN i eafeniza] 3| oal ol G [ EECTN|Cd
% % L e 2 2 e e e e A A % %
Sy O N o o o ) o ) A o S S
V=0
v

Disturbed electrical field by the presence of a crack
If Ei < Eck — Oktement = 60 || If Ei 2 Ecr — Oklement = 01

V=V,
S0 Gy o[9[ 90| O0] G0 G| 9| O0[Oo] G0 %a| _Oo. So So
% %o S0 [%|% o ALK %o %o
A oy NI ©: BAEAGAEA °: EACA I S 0
S S LS Y 2 A A A G A A A A IS S S

V=0

Formation of a conductive path
If Ji > Jer

V =V,
So Co Gy G Gy Gy
% [ 5o 3 S %
S 2 Sy Sy S S
S S S Gy S oy

( Eep predicted )

E,: far-field ]
E;: local electric field Il
Ecg: critical electric field
o,: insulating electrical conductivity
o,: conductor electrical conductivity

Ji: local current density
Jer: critical current density
V: applied voltage

Fig. 2 Flowchart of the progressive electrical FEM.

At the initial state, the model possesses elements with only
two different material properties, i. e., the electrical
conductivity and relative permittivity of the material (epoxy
resin or Al203), and those of the insulating crack. After the
application of Vo, the local electric field value in each element
(E7) was compared with a critical electric field value (Ecr),
which herein corresponds to the measured dielectric
breakdown field. This is set to 42.6 x10° V/m for the epoxy
resin, and 23.6 x10° V/m for ALOs. If E; < Ecg, the electrical
properties of the elements maintain its original value. If E; >
Ecgr, the electrical properties of the material change to a third
value corresponding to a conductive material, yielding an
element with a non-negligible local current density. The
model iterates by increasing the voltage until 7y reaches Ecg,
i.e., the measured breakdown voltage value. At this point, the
effect of the crack in the electric field and current density
distribution is observed. Table 1 summarizes the electrical
properties of the epoxy and AlQOs;, obtained from the
experimental part of this work. The crack was simulated as an
insulating material with the electrical properties of air [10].

TABLE 1. MATERIALS PROPERTIES USED IN THE FEM MODEL
Property
Material
Electrical resistivity (2:m) Relative permittivity
Epoxy resin 1 x10' 5.5
ALO; 1x10" 12
Crack (air) 1x 10" 1
Conduc‘tlve 1 x10"! 10
material

Finally, the effect of the orientation of the crack was evaluated
by simulating a crack of the same length but oriented at 0°
(parallel) with respect to the applied electric field.

III. RESULTS AND DISCUSSION

A. Dielectric properties of epoxy and Al>O3 specimens

The epoxy specimens (Esp = 42.6 kV/mm) present a higher
dielectric breakdown mean value than the Al>O3 specimens
(Esp = 23.6 kV/mm). This difference can be attributed to the
molecular structure of the materials [11]. Thermosetting
polymers have a structure composed of cross-linked networks
of long molecular chains with atoms covalently bonded. As a
consequence, polymers lack free mobile charges, making
more difficult the conduction of electrons. Although the
alumina structure also lacks free mobile charges, ionic
structure makes it fragile and more prone to dielectric
breakdown. Values of dielectric breakdown of both materials
are similar to those reported in literature, viz. 25-45 kV/mm
for epoxy [12] and 26 kV/mm for ALOs [13].

Regarding the broadband dielectric spectroscopy, for
< 10% Hz, the real part of the complex electrical conductivity
(o.”) exhibited a linearly increasing response varying from
~1013 S/m at 102 Hz to ~10”° S/m at 10? Hz for both materials.
For /> 107 Hz, a non-linear behavior of g.” is observed for
both epoxy and ALOs, with a more remarkably change of
slope for the later one. This characteristic is an indicative of a
capacitive contribution and depends on the frequency range.

The real part of the relative permittivity slightly decreased
as a function of frequency. The input values for the electrical
conductivity and relative permittivity used in the FEM (Table
I) corresponded to those measured at f= 102 Hz.



B. Electrical finite element model of a crack perpendicular
to the electric field

Figure 3 displays the results of the electrical FEM of an epoxy
specimen with a crack perpendicular to the direction of the
electric field at two voltage steps. The figure depicts an overall
view of the complete specimen with close ups at the crack
region. These close ups correspond to the complete thickness
and 0.06 of the specimen length. The left close ups correspond
to the isocontour maps of electric field (£), normalized with
respect to the electric field in the far-field, i.e., the electric field
in the absence of the crack (Ev). The right close ups correspond
to the distribution of the total current density (/) normalized
with respect to a critical current density (Jcr). Jck was chosen
as 10 % of the current density of the conductive material listed
in Table L.
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Fig. 3 Normalized electric field and current density distributions of an
epoxy specimen with a crack perpendicular to the applied electric field
at two voltage steps.

For 7y from 0 V to 14.8 kV, the electric field present
maximum values confined inside the crack. This is consistent
with previous observations for an insulating crack [10]. Some
small gradients of electric field appeared near the crack tip and
increased in magnitude after each step of voltage. For
Vo = 14.8 kV, some elements around the crack tips reached
values that overcome Ecr (42.7 kV/mm), and thus, changed its
electrical properties (electrical resistivity and relative
permittivity) to those of a conductive material (see Table I) for
the next iteration. For Vp = 15.9 kV, the electric field at the
crack tips was 2.40 to 4.80 times the value of the electric field
of the far-field. J/Jcr also greatly increased on those elements
that became more conductive, forming a small path outside of
the crack with values between 0.12 x10'2 and 1.08 x107'2,
After each step, more elements in the model locally surpassed
Ecr and changed its properties to conductive ones, and the
electric field intensity gradients occupied a larger region of the
thickness of the specimen. In certain instances, a few elements
near one of the crack tips exhibited electric field values that
nearly reach the threshold, while in the other tip, the elements
slightly surpass this value. This initiates the growth of an
asymmetric pattern along the conductive channel, becoming
more pronounced after each voltage step.

For Vo = 30.4 kV, J/Jcr increases up to 11 orders of
magnitude higher than those found at Vo= 15.9 kV (107!?), and
the elements formed a sequential conductive path through the

whole thickness of the specimen. The formation of the
conductive path at this voltage step, corresponding to a peak
value of 42.5 kV/mm, is in reasonable agreement with the
measured breakdown voltage, 42.7 kV/mm. This indicates
that a perpendicular crack causes enough perturbations to the
electric field and eventually yields dielectric breakdown.

Figure 4 presents the normalized electrical field
distribution and current density distributions of the AlOs
model with a crack perpendicular to the applied electric field
at two voltage steps.
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Fig. 4 Normalized electric field and current density distributions of an
ALOs specimen with a crack perpendicular to the applied electric field
at two voltage steps.

The electric field also presented the highest values
confined within the insulating crack, which extends to the
crack tips. After Vo= 11.7 kV, a few elements reached field
values higher than FEcrk and its conductivity/relative
permittivity was changed. For Vo = 16.7 kV (nearest to the
experimental value of dielectric breakdown), £/Ey was up to
12 times higher than the far-field in some regions outside the
crack. J/Jcr exhibited the highest values at the crack tips (13.4)
and some highly conductive pathways are formed. However,
the crack does not cause enough perturbations in the electric
field since the branches in J/Jck does not cross the whole
thickness of the specimen. Further efforts will be conducted to
adjust the dielectric breakdown criteria to better reproduce the
obtained experimental data.

C. Electrical finite element model of a crack parallel to the
electric field

Figure 5 presents the results of the FEM of an epoxy
specimen with a crack parallel to the electric field direction at
two voltage steps. For Vo from 1.06 to 29.3 kV, the electric
field distribution was not greatly disturbed by the presence of
the crack. After Vo =29.3 kV, a few elements overcome Ecr
and thus at that point their material properties were changed
to that of the conductive material. At this Vp value, some small
perturbations of the electric field were observed, as well as an
increase in the current density at the crack tips. For
Vo =37.5 kV, the conductive elements crossed the thickness
of the specimen and J/Jcr increased abruptly to values
between 0.05 and 0.43, indicating that J values are in the same
order of Jcr. This value of £, however, is much higher than
the breakdown field measured in the experiments, 42.7



kV/mm. This means that such modeling scenarios are not
likely be seen in practice, and the presence of cracks parallel
to the electric field are not a paramount factor on the dielectric
strength of solid dielectrics. This finding has been
qualitatively suggested by Zuo [14].
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Fig. 5 Normalized electric field and current density distributions of an
epoxy specimen with a crack parallel to the applied electric field at two
voltage steps.

IV. CONCLUSIONS AND PERSPECTIVES

The influence of cracks on the dielectric breakdown of
dielectric materials was evaluated by finite element modeling
and experiments. The simulations indicate that the presence of
insulating cracks perpendicular to the direction of the applied
electrical field yields high local field gradients near the crack
tip. At or near the dielectric breakdown, the electric field is
magnified up to 17 times for an epoxy specimen and around
12 times for the Al.O3 specimen. Assuming that local material
around the crack becomes electroconductive when such
magnified electric field is locally higher than a critical electric
field, conductive paths were found at a voltage that correlates
well with the measured voltage breakdown for the epoxy. For
AlLOs, incipient conductive pathways were formed emanating
from the crack tips at electric fields close to the one
corresponding to the measured electrical breakdown, but these
paths did not cross the full thickness of the specimen. Further
modeling considerations are needed to accurately predict the
dielectric breakdown of ceramics. This could be using a
criterion of critical local dielectric breakdown field arising
from analytical models that included cracks, rather than from
experimental values. The unavoidable presence of small
flaws and/or defects could affect the material’s capability to
withstand the electrical field. In this sense, the development of
an electromechanical model that simulates the interaction of
the electric field with cracks and stress concentrations should
be considered as alternative modeling strategies.

On the other hand, if the crack is parallel to the electric
field direction, the interaction with the applied electric field is
small, suggesting that insulating parallel cracks do not present
a limiting factor for the design against dielectric breakdown.

The analysis of different parameters of the crack will be of
great importance to evaluate its influence on the dielectric
strength of materials. Conductive cracks created by the
presence of moisture, effects of directionality, size, and shape
of the cracks, as well as the interaction of several cracks are
parameters that should be investigated.

For alumina, the effect of grain size and grain distribution
may be an important contributing factor. Further experiments
and simulations will be conducted to evaluate the influence of
pre-existing cracks on the dielectric breakdown of solid
dielectrics.
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