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Abstract—Insulation systems incorporating multilayer di-
electrics are commonly used in many high-voltage applications
where the interfaces between the dielectric layers are the most
vulnerable regions. The primary purpose of this paper is to
elucidate the mechanisms theoretically and experimentally that
govern the AC breakdown of solid-solid interfaces. Two dif-
ferent polymers with different elastic moduli were tested. The
interfaces were formed between the same specimens and were
AC breakdown tested at various contact pressures. In addition,
interface surfaces were polished using two different sandpapers
of different grit sizes to study the effect of surface roughness.
A comprehensive interface breakdown model was employed to
scrutinize morphologies of solid-solid interfaces in relation to
the measured interfacial AC breakdown and PD inception field
strengths. PD activity in the cavities and electrical tracking
resistance of contact spots between the cavities were found to
be significantly affecting the interfacial breakdown phenomenon.

I. INTRODUCTION

Dielectric strength of solid insulation materials ultimately
determines the long-term electrical properties of the complete
insulation system. When two nominally flat surfaces make
contact, the actual surface is not perfectly smooth, and the
actual contact at the interface is also not ideal, leading to
numerous microcavities between adjacent contact spots. The
interfacial breakdown between two solid dielectric surfaces has
been reported to represent one of the principal causes of failure
for insulation systems [1]; thus, a better understanding of the
mechanisms governing the solid-solid interface breakdown is
vital. Cavities may cause partial discharges (PD) and trigger
interfacial tracking that can eventually lead to a premature
electrical breakdown (BD) [2], [3]. An interface, thus, is a
weak point likely to reduce the tangential AC breakdown
strength (BDS) of a high-voltage (HV) insulation system due
to local electric field enhancements in the cavities [2]-[5].

Scholars have mainly investigated the characteristics of
insulation materials, such as the bulk BDS, surface flashover,
surface tracking, and erosion without investigating the solid-
solid interfaces separately [6]. Few studies have focused
on the interfacial HV insulation performance between two
solid dielectrics [2]-[4]. It was reported that the elasticity
and surface roughness of solid materials, dielectric medium
surrounding the interfaces, and contact pressure (interfacial
pressure) are important factors, affecting the dielectric strength
of an interface. Besides, the author’s previous studies [5], [7]-
[9] demonstrated significant dependency of the tangential AC
BDS of solid interfaces on these factors. However, neither the

mechanisms governing the interfacial BD nor the correlation
between the shape/size, number of cavities (size of contact
area) and the interfacial BD has yet been fully understood.
Therefore, the main objective of this work is to examine the
main mechanisms that control/affect the electrical BDS of
interfaces between solid insulating components.

Individual effects of the contact pressure, surface roughness,
and elastic modulus on the longitudinal/tangential AC BDS
of solid-solid interfaces were studied, both theoretically and
experimentally. In the experiments, tangential AC BDS and PD
inception field strength (PDIE) of solid-solid interfaces were
measured under different interface pressures, roughness levels,
and elasticities. The interface contact surface model developed
in [10] was employed to analyze the trends observed in the
experiments and discuss the possible mechanisms controlling
the interfacial breakdown.

II. MODELING THE LONGITUDINAL AC BREAKDOWN OF
SOLID-SOLID INTERFACES

The shape, size, and number of cavities and contact spots
strongly affect the breakdown strength of an interface. Since
the dielectric strength of a gas-filled cavity is notably lower
than that of bulk insulation, cavity discharge (i.e., PD activity)
can be presumed to start in the cavities first [11]. Our previous
studies have suggested that discharged cavities do not neces-
sarily lead to an interface breakdown immediately. Interfacial
tracking/PD resistances of the insulation materials, forming
an interface, determine the endurance of the contact spots
against breakdown [12]-[15]. Therefore, we hypothesized that
the electrical breakdown of a solid-solid interface should
incorporate not only the discharge of air-filled cavities but also
the breakdown of contact spots enclosing those cavities [9].

The interface breakdown model, thus, incorporates two
submodels consisting of a model for the discharge of cavities
and a model for the breakdown of contact spots. The statistical
model proposed in [10] was used to develop the submodel for
the cavity discharge, which estimates the BDS of average-
sized cavities where the average cavity size varies based upon
the given elasticity, surface roughness, and contact pressure.
The submodel for the breakdown of contact spots was de-
veloped using the empirical model presented in [9], based
on the interfacial tracking resistance of solid materials where
enhanced field strengths at the edges of discharged cavities
were approximated by a needle-needle electrode configuration.
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Cavities and contact spots connected in series comprise the
electrical breakdown model of an interface along which the
applied voltage is distributed, as illustrated in Fig. 1:

V(Lpp = Z Vccwj + Z Vcntja (1)

Jj=1 Jj=1

where V,,,, is the applied voltage across the dry interface, n
is the number of cavity and contact spot pairs, Vg, is the
voltage drop across the j*! cavity, and Vent,; is the voltage
drop across j'" contact spot located between two cavities, as
presented in Fig. 1. Note that the contact spots in the model
stand for ideal void-free contact areas.
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Fig. 1: Illustration of an interface consisting of cavities and contact spots.
Voltage drops at the cavities and contact spots are illustrated where E is the
electric field strength at the interface in the longitudinal direction.

The time frame of an interfacial breakdown, from no
discharge activity to a complete flashover, is dissected in four
consecutive periods. Therefore, cavity discharge and break-
down of contact spots will be initiated at different instants
in a sequence. The activation order of these mechanisms is
explained using the illustration shown in Fig. 2:

1) No PD: This is the period from the application of AC
voltage until the instant I in Fig. 2. The electric field is
not sufficiently strong to accelerate a free electron to start
an avalanche mechanism in the cavities or absence of free
electrons cause the delay of PD inception. Thus, no PD activity
is observed in this period.

2) Onset of PDs: At the instant I, the electric field is
sufficiently high to initiate a persistent discharge activity in
the cavities. However, the breakdown of contact spots does
not occur as yet, because the interfacial tracking resistance of
the contact spots can withstand the locally enhanced fields.
Thus, only PD occurs in all the average-sized cavities (Fig. 2)
based on the simplified model in Fig. 1.

3) Initiation and propagation of the interfacial tracking: It
is represented by the instant II. As mentioned in [9], the
submodel for the interfacial tracking mechanism is operative
at higher local electric fields with a BD time of around 10~7
s [13]. Therefore, it takes only a fraction of a microsecond
from the inception of an interfacial tracking to a breakdown
of the contact spots between two discharged cavities.

4) Breakdown of the interface: The electrodes are bridged,
and the destructive effects of the interfacial breakdown are
clear at the material surfaces (as revealed in Fig. 5).

III. EXPERIMENTAL PROCEDURE

To test the tangential AC BDS of solid-solid interfaces as
a function of elasticity, we employed two different interfaces
using two different polymers with different elastic moduli. The
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Fig. 2: Activation sequence of the mechanisms with respect to the applied AC
ramp voltage. Roman numerals, I and II stand for instant I and instant I, as
referred to in the text.

interfaces were assembled at dry conditions between the same
materials: cross-linked polyethylene (XLPE) and polyether
ether ketone (PEEK) under various contact pressures (i.e.,
XLPE-XLPE and PEEK-PEEK). Desired contact pressure
was exerted using weights varying between 10-75 kg (0.5-
3.34 MPa) to press the samples vertically against one another.
The relative permittivities of XLPE and PEEK are 2.3 and 2.8,
respectively. The materials were cut/prepared in rectangular
prism-shaped samples (4 mm X 55 mm X 30 mm), and
two samples were positioned vertically on top of each other
between two Rogowski-shaped electrodes (tangential interface
length: 4 mm). The contact surfaces of the samples were
polished using a table-top, grinding machine. We fixed the
specimens in a steel rotating disk and positioned a round-SiC
sandpaper on the rotating plate [8]. To study the effect of sur-
face roughness on the tangential AC interfacial BDS and PDIE,
XLPE samples of two different surface roughnesses were used.
Contact surfaces were polished using two different sandpapers
of different grit sizes: #180 (rough) and #2400 (smooth). The
surface roughnesses of the polished interfaces were quantified
using a 3D-optical profilometer (Bruker ContourGT-K). For
the experiments to study the effect of the material elasticity,
all the XLPE and PEEK samples were polished using #500-
grit sandpaper. The experimental setup (for AC breakdown
and PD tests) and the experimental procedure were presented
in minute detail for the interested readers in [5], [9]. A 50-
Hz AC ramp voltage at the rate of 1 kV/s was applied until
breakdown or PD inception, respectively.

IV. RESULTS AND DISCUSSION

The effect of the cavity discharge and the breakdown of con-
tact spots on the interfacial breakdown strength were examined
separately based on the corresponding submodels introduced
in Section II by following the sequence of mechanisms shown
in Fig. 2. It should be emphasized that the mechanisms con-
trolling the interface breakdown were investigated for samples
assembled in optimal and dry laboratory conditions (dry-mate).

Firstly, estimated PDIE values (using the model proposed
in [9], [10]) were associated with the experimentally obtained
PDIE and BDS values. Next, the enhanced field E.,,; values
were calculated separately at the instants I and II (using
the point-point electrode approximation proposed in [9]). The
estimated enhanced fields were then compared to the estimated
PD resistance Ey, of the insulation (using the empirical model
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demonstrated in [9]) to assess whether the contact spots can
endure the intense field at their edges.

A. Effect of Cavity Discharge on the Interfacial Breakdown

In this section, the correlation between the estimated cavity
partial discharge field (PDIE®) and the measured values (AC
breakdown field and PDIE) is examined. It should be noted
that the measured PDIE values do not necessarily characterize
the inception field of the discharged cavities that had initiated
an interfacial breakdown. Based on the 3D interface simulation
results reported in [16], interfacial tracking is likely to be
tortuous due to the presence of contact spots obstructing
the propagation of streamers. The endurance of the contact
spots against propagating streamers is designated using the
interfacial tracking resistance of the contact spots (as intro-
duced in Section II), which is an insulation property of the
bulk material. Moreover, cavity sizes are essential for the
theoretical analysis of the interface breakdown phenomenon.
Howeyver, sizes of the interfacial cavities cannot be extracted
from the measured PDIE (i.e., PDIE™) data without using an
analytical model. For these reasons, the statistical interface
model proposed in [9], [10] was employed to determine the
average sizes of cavities as a function of the surface roughness,
elasticity, and applied contact pressure. The estimated average
sizes of the cavities were then used to estimate the cavity
discharge inception field (i.e., PDIE®), as described in [10].

To begin with, the results of the AC breakdown experi-
ments were compared to the measured PDIE values (PDIE™).
Fig. 3(a) shows the comparison between the measured PDIE
and the measured AC BDS of the XLPE-XLPE #500 interface.
The difference between the 63.2% BDS and PDIE™ was found
to be only around 10%, implying that discharged cavities in
the XLPE samples triggered a complete flashover in a short
time. In contrast, in the case of PEEK-PEEK #500 interface
[Fig. 3(a)], the mean PDIE™ values were lower than the
measured mean BDS values by a factor of 1.6, suggesting
that the contact spots at the PEEK interface could withstand
discharges for a longer period (applied voltage was higher by
1 kV every next second). Overall, the correlation between the
measured PDIE and BDS values, despite the limited number of
data points, agrees with the proposed interfacial BD model that
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assumes that the interfacial tracking resistance is an essential
electrical insulation property in the breakdown of interfaces.

Secondly, extended results are presented in Fig. 3(b), that
cover more data points at a wider pressure range from
the AC breakdown experiments performed using XLPE and
PEEK with the same surface roughness (#500) as well as
the estimated PDIE values.! The results shown in Fig. 3(b)
suggest a strong correlation between the BDS values and the
PDIE® values within the covered pressure range in the case of
relatively soft interfaces, such as XLPE-XLPE #500. The ratio
of the mean BDS to the mean PDIE® ranged from 0.8 to 1.2.
The +20% deviation suggests that the interfacial breakdown
is likely to be dominated by the cavity discharge between the
XLPE samples. Nevertheless, PEEK-PEEK #500 interfaces
exhibited a relatively weak correlation between the cavity
discharge and the interface breakdown, especially at relatively
high contact pressures. It can be inferred that, at higher elastic
modulus (harder interfaces), the interfacial breakdown is not
solely governed by the discharge of vented air-filled cavities
(channels), particularly at high contact pressures. Electrical
insulation properties, such as the tracking resistance, are likely
to play a vital role in determining the endurance of the contact
spots against breakdown. The influence of the interfacial
tracking resistance of the contact spots on the interfacial
breakdown is discussed in the next section.

Thirdly, the results of the AC breakdown experiments
carried out using XLPE samples with very rough (#180) and
very smooth (#2400) interfacial surfaces and the corresponding
estimated PDIE values, PDIE®, are shown in Fig. 3(c). Exper-
imental results indicated that the interfacial BDS reduced as
the surface roughness was increased, whereas higher contact
pressure led to an increased BDS. The 63.2% BDS in the
case of the XLPE surface polished by #2400 was nearly
twice as high as that in the case of XLPE #180 at each
contact pressure. (Interested readers can refer to the extensive
results incorporating intermediate roughnesses presented in
[10].) These findings indicate a strong correlation between the
estimated PDIE and the measured BDS in the case of relatively

IPD experiments were carried out only at two different contact pressures
while the BD experiments were performed at four different pressures. The
min./max. pressure values were determined based on initial tests [9].
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Fig. 3: Comparison of: (a) Measured PDIE (PDIE™), estimated PDIE (PDIE®) and measured AC BDS of XLPE-XLPE #500 and PEEK-PEEK #500 interfaces.
(b) PDIE® and AC BDS of XLPE-XLPE #500 and PEEK-PEEK #500 interfaces. (c) PDIE® and AC BDS of XLPE-XLPE #180 and XLPE-XLPE #2400

interfaces.
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soft interfaces such as XLPE regardless of the contact pressure.
At higher contact pressures, smoother interfaces may yield a
stronger correlation, as in the case of XLPE-XLPE #2400.
The reader should bear in mind that the PDIE® values were
estimated with the assumption that all cavities are vented, and
the pressure inside thereof remains at 1 atm [9], [10]. The
effect of increased gas pressure inside enclosed cavities on the
interfacial BDS was discussed in [16] based on 3D simulations
of interfacial topographies.

B. Effect of Contact Spots on the Interfacial Breakdown

Fig. 4 compares the estimated local field enhancements
at the edges of the discharged cavities E},. along with the
estimated PD resistances E;, of XLPE, EPOXY, and PEEK
(of #500 roughness for all). Tough the results of XLPE and
PEEK are mainly shown in this work, the Fy. and E;, values
in the case of EPOXY is also retained to reveal how a material
with an intermediate elasticity between XLPE and PEEK
behaves. Based on the convention in Fig. 2, instant I stands
for the inception of discharge in the averaged-sized cavities,
whereas instant Il represents the moment when the contact
spots succumb to the intense local fields stemming from the
discharged cavities and break down. Based on the method
described in [9], we estimated E.,; and Fy. values using
equations (5)—(6) presented in [9].

The estimated E.,; and FE,, values are displayed in Fig. 4
at both instants. Fig. 4(a) indicates that once the cavities are
discharged, the low estimated tracking resistance of the XLPE
is not likely to endure the enhanced local fields, and this
will probably lead to an interfacial breakdown. This finding
clearly supports the clear correlation between the estimated
cavity discharge field and the measured interface BDS values
in the case of XLPE (observed in Fig. 3): The small difference
(10%) between the 63.2% BDS and PDIE™ values suggest that
discharged cavities in XLPE probably evolved to a complete
flashover in a short time because the contact spots were less
likely to withstand the enhanced fields for a longer period due
to the relatively low estimated interfacial tracking resistance of
XLPE. Conversely, the estimated enhanced local field may not
be sufficiently high to exceed the interfacial tracking resistance
in the case of hard materials such as PEEK. Although the
average-sized cavities were assumed to be discharged, the high
estimated interfacial tracking resistance of the contact spots at
the PEEK interface seems to have withstood the high local
fields longer than the XLPE interface lasted. These findings
are consistent with the weak correlation between the estimated
PDIE and the measured interface BDS values observed in the
case of PEEK—-PEEK #500 in Fig. 3(b). Overall, the interfacial
tracking resistance appears to have an essential role in the
interfacial breakdown.

In the cases of the XLPE samples with two different surface
roughnesses, when discharge activity starts in the average-
sized cavities, the estimated enhanced fields are close to
the estimated interfacial tracking resistance of the XLPE, as
presented in Fig. 4(b). At smoother interfaces, the estimated
enhanced field values appear to be sufficiently intense to
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Fig. 4: Estimated enhanced fields ., vs. tracking resistance E, within the
covered p, for each interface at the instants of cavity discharge and breakdown
of contact spots: (a) XLPE #500, EPOXY #500, and PEEK #500 interfaces.
(b) XLPE #500 interfaces at four different surface roughnesses. Instants I and
IT represent the moments when PD and BD take place, respectively, in the
interface BD model presented in Fig. 2.

result in a breakdown of the contact spots. The magnitudes
of the estimated local fields did not significantly increase
from the PD inception until interface breakdown [between
instants I and II in Fig. 4(b)] because the estimated PDIE®
values were close to the measured BDS values. In some cases,
PDIE™ values were estimated to be higher than the measured
BDS values. Thus, the clear correlation between the cavity
discharge and the interface breakdown, observed in the case
of XLPE #500 in Figs. 3(a)-b, was also discerned in the
case of XLPE samples with different surface roughnesses.
Consequently, Fig. 4(b) highlights again that once the average-
sized cavities are discharged, the low (estimated) interfacial
tracking resistance of the XLPE is not likely to withstand the
enhanced local fields long enough to prevent an interfacial
breakdown from occurring in a short time. These findings
strengthen the hypothesis that the tracking resistance of a
dielectric strongly affects the interfacial breakdown as well
as the discharged cavities. In particular, the results suggest
that the influence of the contact spots on the interfacial BDS
becomes more prominent at higher contact pressures, harder
materials and/or smoother surfaces.

Interface surfaces inspected using a digital microscope after
the experiments provide supporting evidence for the effect of
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contact spots on the interfacial breakdown. Fig. 5(a) displays
the surface of an XLPE sample that underwent an interface
breakdown. The encircled area at the surface indicates inter-
facial microtracking activity near the top electrode, but the
propagation of the streamers was most likely hindered due
to the contact spots on their way. The interface tracking path
shown by the arrows might be one such streamer that could
propagate owing to connected cavities or by breaking down
the contact spots obstructing it. The surface of a PEEK sample,
subjected to an interfacial breakdown, provides more explicit
evidence, as shown in Fig. 5(b). The enclosed area unveils
an interfacial microtrack of a length of about 0.24 mm. The
tracking path is located near the main breakdown track, but
neither of its ends is connected with other tracking paths. Thus,
it is an isolated microtrack, which possibly bridged two contact
areas but was stopped by the high tracking resistance of the
contact spots at PEEK. The images suggest that there were
discharge activities in several cavities/channels that could not
evolve to a complete flashover.

Last but not least, we evaluated varying the elastic modulus
by adding micro- and nano-scaled fillers/particles, yet our
research suggested that adding such fillers causes as significant
a change in the chemical/electrical properties as does selecting
a different polymer [17]. Therefore, we decided to choose
materials widely-used in power cables and accessories.

(a) XLPE-XLPE #500 1.16 MPa.

(b) PEEK-PEEK #500 1.16 MPa.

Fig. 5: Microtracking observed at interfaces between broken-down samples.
The widths of the microtracks range from 4-8 pm.

V. CONCLUSION

The results of experimental and theoretical studies per-
formed in this work have indicated that different mechanisms
are involved in the breakdown of air-filled cavities and contact
spots. The main hypothesis—that size, shape and insulating
medium strongly affect the discharge inception field of the
cavities, whereas, the interfacial tracking resistance of the con-
tact spots enclosing the cavities also has a significant impact
on the interfacial breakdown strength—has been verified using
the results of the experimental and theoretical studies.

The interfacial breakdown in the cases of softer materials
such as XLPE-XLPE has been found to be strongly dom-
inated by the discharged cavities due to the relatively low
estimated interfacial tracking resistance XLPE. In other words,
discharged cavities have resulted in an interfacial failure
more easily because the contact spots could not withstand
the enhanced fields for a long time. In addition, different
surface roughnesses in the case of XLPE-XLPE interfaces
have also suggested a clear correlation between the cavity

discharge and the interface breakdown in the cases of rough
and smooth surfaces. On the other hand, in the case of hard
interfaces with higher elastic modulus such as PEEK-PEEK,
contact spots may have endured the local enhanced fields
longer due to the relatively high estimated tracking resistance
of PEEK. To conclude, the results have suggested that the
influence of the interfacial tracking resistance of contact spots
on the interface breakdown becomes more prominent at higher
contact pressures, interfaces between harder materials and/or
smoother surfaces.

To our knowledge, the proposed theoretical model is novel
in incorporating diverse interdisciplinary fields to model in-
terface breakdown at solid-solid interfaces. As a result of the
clear agreement between the theoretical results and experimen-
tal results, we believe that the model deserves further attention.
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