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Abstract

The contact area between solid insulations, namely solid-solid interfaces, affect the dielectricicharacteristics of an
entire insulation system. With the theoretical and experimental studies covered in this paper, we intend to investigate
the effects of the elastic modulus, interface contact pressure, and surface smoothness/roughness on the tangential AC
breakdown strength (BDS) of contact surfaces at dielectric interfaces that undergo a tangential electric field. Four distinct
solid dielectric specimens with various elastic modulus values were employed. The interfaces between the same materials
were subjected to AC breakdown and partial discharge (PD) tests at different, contact pressure values. In addition,
the interface surfaces were polished using four different sandpapers of various grits, to scrutinize the effect of surface
roughness. A deterministic model built around the tribology of solid surfages was propesed to determine the sizes of the
interfacial cavities and to simulate the 3D displacement and deformation.of thesurface protrusions based on the surface
roughness, contact pressure, elastic modulus, and hardness of an interface.. The estimated sizes of cavities and contact
areas were then coupled with a comprehensive breakdown model that addressed the cavity discharge and breakdown
of contact areas, separately. The results by the model were correlated with the results of the AC breakdown and PD

experiments to elucidate not only how cavities were linked at golid-solid interfaces but also the effects of roughness,
elasticity, contact pressure, and gas pressure inside of the cavities. y

Keywords: Deterministic contact model, elastic-plastic'contact, electrical breakdown, polymer, solid-solid interface.

1. Introduction

Electrical insulation systems incorporate various insu-
lating and conductive materials. In the majority of high=
voltage (HV) systems, the electrical insulatiomsystem con-
sists of the series connection of two or more dielectrics.
The lowest alternating current (AC) breakdown strength
(BDS) of a bulk insulation or an interfaces between neigh-
boring insulating materials determine the overall BDS of
an insulation system. When two nominally flat surfaces
make contact, the real surface is not\perfectly smooth,
and the real contact at the interface is notyideal as well,
leading to numerous microcavities (used interchangeably
with cavity) between adjacent’ contact spots [1-3].

Cavities may undergo partial discharges (PD) that
may lead to interfacial tracking and a premature electrical
breakdown (BD) [4, 5]« Besides, the dielectric media in-
side of the cavities affects the PD inception field strength
thereof [6, 7]. An interface, hence, is a weak region likely
to lessen the tamgential ACBDS of an HV insulation
system due to local electrie field enhancements occurring
in the cavities [463.8].

Scholars’ have mainly investigated the electrical and
chemical features of dielectric materials with regards to
the BDS of bulk, surface flashover and tracking, insula-
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tion degradation without investigating the solid-solid in-
terfaces separately. Few studies have focused on the inter-
facial HV insulation performance between two solid di-
electrics [4, 5, 8]. It was reported that the elasticity and
surface roughness of the solid materials, dielectric medium
surrounding the interfaces, and contact/interfacial pres-
sure are the primary determinants affecting the dielectric
strength of an interface. Also, the authors’ previous stud-
ies, concerning the tangential AC BDS of solid interfaces
[7, 9, 10], demonstrated significant dependencies on these
factors. However, neither the mechanisms governing the
electrical 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.

Kato et al. [8] examined the correlation between the
pressure distribution and the interfacial AC BD voltage.
Though their experimental results were in line with the
above-mentioned literature, they highlighted the need
for realistic modeling of the deformation of microcavities
between two solid dielectrics to further explain the
correlation between the interfacial morphology and the
interfacial BDS. The authors’ previous work [10, 11]
also demonstrated the need for an intricate 3D interface
contact model.

To that end, in this paper, the interfacial topogra-
phies at different contact pressures, roughnesses, and elas-
tic moduli were studied by employing both theoretical
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modeling and experimental testing. Firstly, AC BD and
PD experiments under different interface pressures, rough-
ness levels, and elasticities were conducted. Subsequently,
a deterministic model was adapted based on the mate-
rial properties used in the experiments to simulate the
3D deformation of the surface protrusions as functions of
the contact pressure, surface smoothness/roughness, elas-
tic modulus, and hardness of an interface. To provide the
deterministic model with the real 3D surface data, we char-
acterized the morphology of the polished sample surfaces
using a 3D-optical profilometer. Using the model, the sizes
and densities of the cavities and the real area of contact,
under the same conditions as in the experiments, were ex-
amined. The estimated sizes of the cavities and contact
areas were then integrated with a comprehensive electri-
cal breakdown model that addressed the cavity discharge
and breakdown of contact areas, separately. Finally, the
correlation between the results of the AC breakdown/PD
experiments and the BD model was analyzed.

2. A Deterministic Contact Model for Asperities
and Contact Spots at Solid-Solid Interfaces

In this work, the deterministic roughness model pro-
posed by Almqvist [12] based on the Tian and Bhushan’s
model [13] was modified to simulate the effects of the con-
tact pressure, surface roughness, elasticity, and material
hardness on the 3D deformation of the surface asperities at
solid-solid interfaces employed in HV insulation systems.

The developed model elucidates how cavities are con-
nected at solid-solid interfaces and enables the estimation
of the gas pressure inside the resulting cavities. The model
is built on the “equivalent rough surface approach”, where
the contact between two rough surfaces has been shown to
be negligibly different from the equivalent rough surface
(consisting of a perfectly smooth and an equivalent rough
surface) [1, 14-17], as illustrated in Fig. 14 It comprises
linear elastic and perfectly plastic contacts, where the en-
ergy dissipation owing to plastic deformation¥s taken into
consideration.

The contact model requires the real! 3D topography
(profile) of the interfacial surfaces. Therpmodel adopts
the “theory of minimum potential complementary energy”
when simulating a contact surfacey.i.e., the interface be-
tween two surfaces. The pressure distribution and the de-
formation of peaks and valleys of the 3D profile under the
given conditions are detérmined by«finding the minimum
value of an integral équation (with respect to potential
energy) in respect of the.applied/contact pressure and ma-
terial properties. The outputsof the deterministic model is
a deformed surface based®n the computed displacements
of real, measured surface profiles. That is to say, it is a
simulated 3D profile of the contact surface between a per-
fectly smooth planedand the measured surface profile. At
the contact surface (imterface), the sizes of all cavities and
total area of contact are definite.

The3D surface profile of the polished samples (forming
a solid-solid interface) were measured using a 3D-optical
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Fig. 1: Illustration of a contact surface between an equivalent rough
surface and a perfectly smooth surface (referenceyplane) [11].

profilometer and fed into therdeterministic model. In this
work, this procedure is referred te as’ “simulation” as in
“simulated results/interfaces/deformations”, or “interface
simulations.” Detailsfon the implémentation of the varia-
tional principle and the solittion methods for the interface
simulations are provided in Appendix A.1-A.3.

2.1. Equations to Definelthe Mechanical Contact Problem

The surface deformation and contact pressure distri-
bution are.determined/by the variational problem defined
in Egs. /(1)-(2)y.allowing 2D or 3D topographies. Total
complementary potential energy, F is minimized using a
nested.iterative process by finding a p, value that leads to
VE = 0pby taking the energy dissipation due to plastic
deformations into account [2, 12, 13]:

. . 1
025, < H, (r) To<pu<H, (2/p“ e 2 -
Q

/pa (ha —h1 —dp) dQ) ,

Q

/padQ://padxdy:Wm, (2)
Q Q

where 2 is an arbitrary area, H, represents the hard-
ness of the softer solid (in the case of two different ma-
terials forming an interface), p, is the contact pressure,
0. = z — d is the elastic deformation with reference to
Fig. 1, hy = hg — hy is the gap between the undeformed
surfaces, d,, is the amount of plastic deformation, and W,
is the applied load. Eq. (1) is limited by two main con-
straints such that the maximum pressure is limited to the
hardness of the softer material, i.e., p, < Hg, while it is
assumed equal to or greater than zero. Thereby, for elastic
contact spots, increased normal loads lead to the elevation
of local contact pressure, resulting in larger real contact
area whereas contact area no longer changes with respect
to load in perfectly plastic contacts [2, 12, 13].

For two elastic half-spaces, the amount of deflection
of elastic surface d.(x) at a given pressure is expressed as
(2, 12, 13):

(1)

56(:5):/_00 K (2 — ) pals)ds +C, 3)

where C' is an arbitrary integral constant, and the kernel
function K is provided by [12]:
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K (x1 — 81, T2 — 52) =
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- (4b)
TE \/(331 B 31)2 ¥ (20— 32)2

for 2D and 3D contacts, respectively. E’ stands for the
composite (equivalent) elastic modulus of the two con-
tacting solids, incorporating the elastic modulus of each
material in contact £, calculated by:

2 1-v? 1-—0v)?

£ , 5

T & & )
where &1, & are elastic modulus, and v, vo are Poisson’s
ratio of each material, respectively [2, 12, 13].

2.2. Representation of Numerical Data

The results of the deterministic model are displayed us-
ing contour plots. Contour lines in this work represent the
amplitudes of the asperities as well as the area of cavities
and contact spots at a solid-solid interface, as illustrated
in Fig. 2. Different levels are represented by different col-
ors, where red indicates the highest peak, and light yellow
indicates the zero level.

Vertical contact
pressure

Surface
plot (3D)

Smooth rigid
plane

Equivalent
rough surface \

Fig. 2: Illustration of contact between a perfectly smooth surface
and a rough sum surface with colored-contour lines representing the
surfaces with planes at different amplitudes. “Rectangular samples
represent the specimens used in the experiments (see Fig. C.1).

3. Estimation of the Tangential AC Breakdown
Strength of Solid-Solid Interfaces

The shape, size, and numberyoffcavities and contact
spots strongly affect the bréakdevwm strength of an inter-
face. Since the dielectrie strength of a gas-filled cavity is
notably lower than that ofsbulk insulation, PD activity
can be presumed to starthin the cavities first [18]. Our
previous studies ‘have suggested that discharged cavities
do not necegsarily leadito an interface breakdown immedi-
ately [7, 9,/10]. Intetfacial tracking/PD resistances of the
insulation materials, forming an interface, determine the
endurance of the'éontact spots against breakdown [19-22].
Therefore, we hypothesized that the electrical breakdown
of a solid-solid interface should incorporate not only the

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-126674.R1

discharge of air-filled cavities but also the breakdown of
contact spots enclosing those cavities [10].

Cavities and contact spots connected in series comprise
the electrical breakdown model of an interface,along which
the applied voltage is distributed, as illustzated in Fig. 3:

Vapp = Z chavj + Z chntm (6)
k=1

j=1

where V,,;,, is the applied voltage‘across the'dry interface,
n and m is the total number of cavitiestand contaet spots,
respectively, Ve, is the voltage drop across the Gt cavity,
and Vip,, is the voltage drepracross the kP contact spot,
as illustrated in Fig. 3. Equation (6) ¢an be rearranged to
be represented by the electric field strength and the size

of each cavity and contact spet:
~

Eapp dint 2 Z Ecavj dcavj =+ Z -Ecmf;C lcntk ) (7)
j=1 k=1

where E,,, ds the applied nominal field strength at the
interface, d;,¢ iSnthe nominal thickness of the interface,
Ecqv; is/the electric field across the jth cavity, Eent, is
the electric field aeross the k™ contact spot. The contact
spots in the model stand for ideal void-free contact areas
in Whiehhd qaypand lene, denote the sizes of j* cavity and
kR contact spot in the field direction, respectively.

Air-filled Contact
cavity spot ‘ ‘
i d: ; l !
b » : ‘/cavj : I/cntk :

Fig. 3: 2D illustration of an interface (cavities and contact spots).
Voltage drops at the cavities and contact spots are illustrated where
FE is the electric field strength in the tangential direction.

The interface breakdown model, thus, incorporates two
submodels consisting of a model for the discharge of cavi-
ties and a model for the breakdown of contact spots. The
deterministic model proposed in this work was used to de-
velop the submodel for the cavity discharge: It estimates
the PD inception field strength based on the estimated cav-
ity size determined by the deterministic model based on
the given elasticity, surface roughness, and contact pres-
sure. In other words, E.4, and d.,, values are estimated
using the cavity discharge model. Similarly, to estimate
the values of F.,; and [.,¢, the other submodel was em-
ployed: The empirical model presented in [10] was used for
the breakdown of contact spots, based on the interfacial
tracking resistance of solid materials (where enhanced field
strengths at the edges of discharged cavities were approxi-
mated by a needle-needle electrode configuration). As the
cavity discharge submodel is predicated upon the deter-
ministic model proposed in this work, it is shown in the
next section while the details of the submodel for the con-
tact spot breakdown (theory and analytical expressions to
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derive E.,¢ and l.,;) are provided in Appendix B in or-
der for the main body of this paper to contain merely the
newly introduced part.

3.1. Estimation of the Discharge Inception Field Strength
of Air-filled Cavities

Under a homogeneous electric field, the cavity dis-
charge inception field or, analogously, partial discharge
inception field, PDIE of an air-filled cavity (E.q,) can be
estimated using the well-known Paschen’s law [7, 23]. The
minimum value of PDIE is correlated with the critical
avalanche length (longest path) in the field direction [24-
26]. Therefore, as the electric field within a cavity can be
represented by three orthogonal vectors, the axis parallel
to the field (tangential component) will be adequate.
Interfacial cavities arise in two different forms: enclosed
or vented channels. The density of each are determined
by the elasticity, contact pressure, and surface roughness.
In the case of very large cavities and vented channels,
initially compressed air is assumed to be squeezed out
and is vented to the surroundings [10, 27]. Paschen’s law
suggest that the PDIE of vented cavities and channels,
where the gas pressure inside the cavity (p.) remains at
the ambient pressure (p. &~ 1 bar), is significantly lower
than that of enclosed cavities where p. > 1 bar.

Regarding the size of the cavities arising at the inter-
faces in the light of the experimental and theoretical work;
the right-side of Paschen minimum, which covers cavity
sizes from 10 pm to 1 mm, is considered in this work [11].

The PD inception field of a cavity, E.,, atsa. given
pressure is analytically denoted by the polynomial fit:

pO/pc
d2

cav

C C c
L R UL

Ecav c) dcav =A
(p ) 0 dca'u dcav

where d.q, is the cavity size in the field direction, p. is
the gas pressure inside the cavity, po is atmospheric pres-
sure (=~ 1 bar), A = 0.00101 kV - mmgB =24 kV/mm,
C = —0.0097 kV, D = 2.244 kV - mm~°-5/[23].. The an-
alytical expression suggests a reduced, PDIE wersus in-
creased cavity size at a given pgi Since the-permittivity
of air is less than the permittivity of the bulk material,

B E-field strength BDS (interface breakdown )
—
11
A e -
cavity \ discharged discharged cavities

“contact

and broken-down
spot

contact spots

ZV'U’H ~0
Z ‘/z'nn b 0
\ Applied AC

field ramp

cavities

PV, =0

PDIE
(cavity discharge inception)

Fig. 4: Activation sequence of the mechanisms with respect to the
applied’ AC.ramp voltage. Roman numerals, I and II stand for instant
I'and instant II, as'referred to in the text [10].

the electric field strength in air-filled cavities is enhanced
in the field direction by the enhancement factor f:

YEr;

U TN eV ®)
where ¢, is the relative permittivity of/the material’(con-
tact spots), and +y is the shape factor yvarying as afunction
of the cavity geometry [28]. 4 varies based on the ratio
of the axis parallel to the field to,the axis noermal to the
field. For spherical cavities, v = 3, whereas for ellipsoidal
cavities elongated in the field,direction; > 50 [24].

The estimated PDIE, i.e., PDIE® stands for the field
strength at the interface (bulk insulation) (Ej,!), calcu-
lated by dividing the value read from the Paschen’s curve
by the enhancement factor,f:

PDIE® =Fimi = Fea/ f- (10)

3.2. Sequence of Mechanisms Contributing to Breakdown
under AC RamprEzéitation

The duration of electrical breakdown of an interface
(referred to.as “interfacial breakdown” hereafter), from no
discharge activity to a complete flashover, is dissected in
four consecutive periods. Therefore, cavity discharge and
breakdowmn,of contact spots will be initiated at different in-
stants in a sequence, as illustrated in Fig. 4. The expected
activity oceurring in each period is described below:

1) No PD; This is the period from the application of the
AC voltage until the instant I in Fig. 4. The electric field
ishnot 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: From the instant I onward, the electric
field is sufficiently high to initiate a persistent discharge
activity in the cavities (Fig. 4). However, the breakdown
of contact spots does not occur as yet, because the inter-
facial tracking resistance of the contact spots can with-
stand the locally enhanced fields. Thus, only PD occurs
in the largest cavities, perhaps in the smaller ones as well
based on the simplified model shown in Fig. 3. (Refer to
Fig. B.1 for the simulated interfacial field distribution.)
3) Initiation and propagation of the interfacial tracking:
It is represented by the instant II. As mentioned above,
the submodel for the interfacial tracking mechanism is
operative at higher local electric fields with a BD time
of around 10~7 s. 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 shown in Fig. 15).

Important note: The conventional abbreviation, PDIE, is
modified here, where PDIE® stands for the estimated PDIE values
at the interface described in this section. PDIE™, on the other hand,
will later be defined to represent the experimentally measured PDIE
values at the interfaces.
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4. Experimental Procedure

To test the tangential AC BDS of solid-solid interfaces
as a function of elasticity, we assembled four different
interfaces at dry conditions using four different materials
with different elastic moduli. The interfaces were formed
between the same materials: cross-linked polyethylene
(XLPE), epoxy, polyether ether ketone (PEEK), and sili-
cone rubber (SiR) under various contact pressures applied
by means of different mechanical loads (XLPE-XLPE,
PEEK-PEEK, and so on).? The samples were cut/molded
in rectangular prisms (4dmm X 55mm x 30mm), and
two samples were positioned vertically on top of each
other between two Rogowski-shaped electrodes, forming a
4-mm-long interface.

We prepared the contact surfaces of the specimens us-
ing a sanding machine and fixed the specimens in a re-
volving disk and positioned round sandpaper on the ro-
tating plate [9]. To scrutinize the effect of surface rough-
ness on the tangential AC interfacial BDS, XLPE sam-
ples of four different surface roughnesses were used. #180
(roughest)-, #500-, #1000-, and #2400 (smoothest)-grit
sandpapers were used to prepare XLPE samples of various
surface roughnesses. In the elastic modulus experiments,
all samples were polished using #500-grit sandpaper (sur-
face roughness was kept constant).

The determined contact pressure ranges for the in-
terfaces were: SiR-SiR at 0.16-1.27 MPa, XLPE-XLPE
at 0.5-1.67 MPa, EPOXY-EPOXY and PEEK-PEEK at
1.16-3.34 MPa (refer to Appendix C for the reasoning be-
hind). For the AC breakdown tests, we subjected.all sam-
ples to a homogeneous AC electric field using a 50-Hz AC
ramp voltage at the rate of 1 kV/s until breakdown. The
same type of AC voltage ramp of 1 kV/sawas applied in
the PD tests. Please refer to Appendix C for the details.

5. Results
5.1. AC Breakdown Experiments

In [10], we studied the effect of the elastic modulus on
the tangential AC BDS of solid-solid \interfaces between
the same materials (SiR-SiRHXLPE-XLPE{ EPOXY-
EPOXY, and PEEK-PEEK) atwarious interfacial contact
pressures with all the samplesisanded, using the same
#500-grit sandpaper (7.8 wm mean asperity height [9]).
For the sake of completenéss, the results are summarized
here as they will later bercorrelated with the output of
the proposed model. The nominal 63.2 % values for each
interface are shown in [10] with the eorresponding 90 %
CI values. The results demonstrated that higher elastic

2 Alternatively, elastic modulus could be varied by adding micro-
and nano-scaledsparticles such as zinc oxide, zirconia, and silica,
yet, adding such fillers causes as significant a change in the chem-
ical/electrical propertie§ as does selecting a different polymer [10].
Therefore, we chose materials widely-used in power cables and acces-
sories and studied the.interfaces between the same materials to min-
imize _the influence of any unforeseen/neglected chemical and elec-
trical properties. The electrical and mechanical properties of each
material isishown in the supplementary section in Table C.1.

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-126674.R1

modulus led to decreased BDS values. To elaborate,
for the lowest elastic modulus (SiR-SiR), augmented
contact pressure by a factor about 3 resulted,in increased
interfacial BDS values by a factor of 1.4, while the BDS
value in the case of the highest modulus (PEEK-PEEK)
was found to be 2.4 times as high. Tofsum up; materials
with relatively low elastic moduli, e:g., SiR and XLPE,
yielded increased BDSs even at, relativelyslow pressures.
We also investigated the effect{of the surface roughness
on the tangential AC BDS of solid-solid.interfacesibetween
XLPE surfaces at 0.5, 0.86, and 1.16 MPa contact pres-
sures in [9], where we presented the obtained 63.2 % BDS
values with their 90 % @Is versus the sandpaper grit at
each interface (using bar graphsto represent the arith-
metic mean height Sg'of the asperities calculated using
the real 3D surface data).The interfacial BDS reduced as
the surface roughness.was increased whereas higher con-
tact pressure led tona higherBDS. The 63.2 % BDS values
of XLPE-XLPE #2400,(S, = 0.26 um) was about double
the BDS values of XLPE-XLPE #180 (S, = 8.86 um) at
each contaet,pressure. The data from both studies ([9, 10])
will be shown alengside the estimated results in Section 6.

5.2. AC Rartial Discharge Experiments

Fig. 5 shows the measured PDIE™ results using the
cumulative probability of Weibull distribution. Fig. 5 in-
dicates that 63.2 % PDIE™ in the case of XLPE-XLPE
#500 is higher than that of the PEEK-PEEK #0500 at
1.16 MPa by a factor of 2.3. In the case of PEEK-PEEK
#500 interface, increased pressure from 1.16 MPa to 2.25
MPa has also increased the 63.2 % PDIE™ by a factor
of '1.8 while the 63.2 % PDIE™ augmented by a factor
of 1.6 in the case of XLPE-XLPE #500. These results
agree with the observations from the AC breakdown ex-
periments although the extent of PD experiments is lim-
ited compared to that of AC breakdown experiments. In
the AC breakdown experiments, BDS decreased at higher
elastic modulus. In accordance with this finding, in the
PD tests, XLPE-XLPE #0500 has yielded higher PDIE™
compared to the PEEK-PEEK #500.

0.99 .
®  XLPE 0.5 MPa
0967 ¢ XLPE 1.16 MPa
0.9l ® PEEK 116 MPa
v PEEK 2.25 MPa

e e
o
w ot

Cumulative probability
b S
ot ot

S
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=
T
N

e
—
T
N

o
=)
&

6 8 10 12
PD field strength PDIE™ [kV /mm]|

Fig. 5: Measured PDIE values of dry-mate XLPE-XLPE #3500 and
PEEK-PEEK #500 interfaces (cumulative Weibull plots with 90 %
ClIs). This figure is an extended version of the one presented in [10].
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5.3. Deterministic Roughness Model

The results of the deterministic model are displayed
using contour plots. The details regarding the data rep-
resentation are provided in Section 2.2. It is important
to recollect that an interface between two rough surfaces
was transformed into an interface between one perfectly
smooth plane and one equivalent rough surface (sum sur-
face of the roughnesses of both surfaces), as illustrated in
3D in Fig. 2. Moreover, the 3D surface topography was
mapped on a 2D plane using contour lines with color bars
displaying the amplitudes of the peaks quantitatively (see
Fig. 6). Simulation results were run at two different con-
tact pressures—the lowest and highest pressure values at
which the samples were tested in the AC breakdown ex-
periments (see Section 4). An exception was made in the
case of XLPE by setting the highest pressure to the next
higher level to simulate to what further extent cavities
shrink, and hence the contact area increases.

5.3.1. Effects of Surface Roughness and Contact Pressure

The protrusions at the XLPE interfaces of four distinct
surface roughnesses are depicted in Fig. 6 by filled-contour
plots, while those of the PEEK samples with two differ-
ent surface roughness degrees are presented in Fig. 7. The
contour plots suggest that increased pressure pushes the
asperity tips further, leading to the formation of new con-
tact spots. As a result, more cavities are formed due to
channels (large air vents) being broken into smaller chan-
nels and cavities. Towards smoother interfaces, the density.
of the peaks reduces considerably, and the impact of the
increased pressure becomes even more discernibles, Par-
ticularly in the case of XLPE #2400, there were only a
few protruding peaks at the surface, while the rest of the
surface seemed to be perfectly smooth.

5.3.2. Effects of Elastic Modulus and Contact Pressure
To present the effect of elasticity and contact pressure,
the simulated deformation and displacement of the asper-
ities of the XLPE and PEEK samples’in 2B are shown
in Fig. 8. The waveforms represent equivalent rough
surfaces while the horizontal axes ‘stand for perfectly
smooth planes (no asperities hypothetically;-as illustrated
in Fig. 1). Thus, the areas between'the adjacent contact
spots are the cavities formed{between the surfaces. The
sizes of cavities in the PEEK samples\in the direction of
the tangential electrical field were larger than those of the
XLPE samples despite/having been‘sanded by the same
#500 grit sandpaper. [Comparedsto XLPE, larger cavities
and longer air-gaps withhigher amplitudes in the case
of PEEK are alsofdiscerniblesin Figs. 6-7. To improve
readability, a smaller section of the interface of XLPE is
shown, i.e., 0.3 mm. Consequently, higher pressure pushes
the asperity tips forward (vertically toward the smooth
plane-horizontal axis), leading to the formation of new
contact spots:,. As a/result, large cavities/channels break
into smaller cavities. The deformation of the asperity
tips isisimulated by pressing the equivalent rough surface
against the perfectly smooth rigid plane (horizontal axis)

as more of the afloat asperities come into contact with
the smooth surface, resulting in larger contact area, and
hence smaller cavities.

Note that these profiles constitute a small portion of
the complete surface data, as illustrated.with. the redrect-
angle in Fig. 2. The complete surface data set was exces-
sively large to be demonstrated in @rsingle graph. The
unrevealed parts of the surfaces had similar, uniform pat-
terns. As mentioned in Appendix A.2, complete 3D sur-
face data is stored in a 480 x (1240 mesh, whereas a row
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Fig. 6: Simulated XLPE-XLPE interfaces sanded using #180, #500,
#1000 and #2400 at 0.5 MPa (lowest p,) and 2.25 MPa (highest pq)
shown by filled-contour plots. In the contour plots, contact area is
depicted by light yellow/white whereas cavities are represented by
darker colors.
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Fig. 7: Simulated PEEK-PEEK interfaces sanded using #180 and
#500 at 1.16 MPa (lowest pg) [29] and 3.34 MPa (highest p,) shown
by filled-contour plots.

vector in the entire mesh in the size of 1 x 1240 represents
a 2D roughness profile similar to those presented in Fig. 8.

Considering the contour plots presented in Figs. 6 and
7, we found that the deformation of contact asperities was
significantly lower in the case of PEEK (hard interface)
even at higher contact pressures than in the case of XLPE
(soft interface).

5.3.83. Estimated Sizes of the Largest Cavities

In this section, the sizes of the largest cavities (dmaz)}
measured between two adjacent contact areas with their
90 % CIs, were estimated using the deterministic. model.
The purpose is to substitute d,q. valuesfin Eq. (8) to
estimate the PDIE in the largest cavities, that will later
be coupled with the submodel for the contact,spot BD.

To begin with, Figs. 9(a)—(b) display the sizes of the
largest cavities for the XLPE-XLPE and PEEK-PEEK in-
terfaces with the shown roughness degrees.. The authors’
previous work [11], which proposed a, statistical model to
estimate the average sizes of cavities at selid-solid contact
surfaces using 2D profiles, yielded estimated average sizes
of interfacial cavities under wvarious pressures, roughnesses,
and elasticities. Fig. 9(a) indicate«that the largest cavi-
ties could be 3—4 times as large as the estimated average-
sized cavities in the case of XLPE, as reported in [11]. On
the other hand, the sizes of.the largest cavities seemed
to be close to each other in the cases of PEEK and XLPE
[Fig. 9(b)] despite the significant difference observed in the
estimated average-sizessin [11].

6. Discussion
6.1. Sizes of thexGavities and Contact Spots

Therinterface simulations indicated that higher inter-
facial pressure led to fewer long, vented air-gaps and
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Fig. 8: Elastically deformed topography of an interface when the
equivalent rough surface is pushed against the perfectly smooth plane
(z-axis): (a) XLPE-XLPE #500 at 0.5 MPa. (b) XLPE-XLPE #500
at 2.25 MPa. (c) PEEK-PEEK #500 at 1.16 MPa. (d) PEEK-PEEK
#500 at 3.34 MPa. E shows the direction of the tangential field
component.

thus created more enclosed cavities at the interface.
Likewise, the smoother the surface was, the more en-
closed, smaller cavities were present. Conversely, harder
interfaces brought about larger cavities, that in turn,
resulted in long channels due to interconnected cavities.
These findings suggest that increased contact pressure,
increased elastic modulus (harder materials), and/or
decreased surface roughness generate smaller cavities.
Consequently, vented channels and enclosed cavities at
the interface are likely to coexist, especially in the cases
of moderate roughnesses, contact pressures, and material
elasticities. The state of the coexistence of vented and
enclosed cavities can be deemed as a transition from soft,
smooth interfaces at high contact pressure to hard, rough
interfaces at low pressure.

Figs. 10(a) and (c) illustrate the case when only
enclosed cavities are present at an interface such as
in the cases of soft materials, high contact pressure,
and/or smooth surfaces. Conversely, Figs. 10(b) and (d)
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Fig. 9: The largest estimated air-gap size dmaz: (a) XLPE-XLPE interfaces at four different surface roughnesses. (b) XLPE-XLPE and

PEEK-PEEK interfaces at two different surface roughnesses.

demonstrate that, nearly, only vented channels exist at
the interfaces, as observed in the cases of hard materials,
rough surfaces, and/or low contact pressure. Possible
surface paths likely to be tracked in the event of an
interface breakdown are illustrated in Figs. 10(a)—(b) for
each case. In the case of “only enclosed cavities,” contact
spots must be subjected to an electrical breakdown in
addition to the discharge of cavities. On the other hand,
in the case when air-filled, interconnected cavities are
prevalent at the interface, an interface tracking path can
be formed by incorporating only the vented air-gaps, as
illustrated in Fig. 10(b).

6.2. Mechanisms Controlling the Interfacial Breakdown

To elucidate main mechanisms controlling the inter-
facial breakdown, the results of the experimentaland the-
oretical studies are used. The results will also clarify. the
impacts of different sizes of cavities and contact spots-on
the tangential AC breakdown strength, that are.covered in
Section 6.1. The effect of the discharge of cavities and the
breakdown of contact spots on the interfacial breakdown
strength are examined separatelybased onthe ¢orrespond-
ing submodels introduced in Section'3 by following the se-
quence of mechanisms hypothesizéd.in Seetion 3. It should
be emphasized that the mechanisms controlling the inter-
face breakdown are investigated for samples assembled in
an optimal, dry laboratery conditions.

6.2.1. Effect of Cavity Discharge and Gas Pressure Inside
of the Cavities

In this section, the correlation between the estimated
cavity partial discharge field (PDIE®) and the measured
values (AC breakdownfield and PDIE) is examined. It
should be noted that the measured PDIE values (PDIE™)
do not necessarily characterize the inception field of the
discharged cavities that had initiated an interfacial break-
dowmnirBased on the 3D interface simulation results and
the\discussion in’ Section 6.1, interfacial tracking is likely

to be tortuous due to the presence of contact spots ob-
structing the prepagation of streamers. The endurance of
the contact spots against propagating streamers is desig-
nated using the interfacial tracking resistance of the con-
tact spots, (as introduced in Section 3), which is an insula-
tion'property. of the bulk material. Moreover, cavity sizes
are essential for the theoretical analysis of the interface
breakdown|phenomenon. However, sizes of the interfacial
cavities.cannot be extracted from the measured PDIE data
without using an analytical model. For these reasons, the
deterministic interface model was employed to determine
the sizes of cavities as a function of the surface roughness,
elasticity, and applied contact pressure. The estimated
sizes of the cavities were then used to estimate the PDIE
values. The determined cavities seem to be elongated in
the electric field direction (as can be seen in Fig. 8), lead-
ing to f &~ 1 according to Eq. (9).

First of all, the results of the AC breakdown exper-
iments were compared to the measured PDIE values
(PDIE™). Fig. 11(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™ (shown by the error bars) was
found to be only around 10 %, implying that discharged
cavities in the XLPE samples might have triggered a
complete flashover in a short time. In contrast, in the
case of PEEK-PEEK #500 interface [Fig. 11(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 assumes that the interfacial
tracking resistance is an essential electrical insulation
property in the breakdown of interfaces. Therefore, the
effect of the tracking resistance will be examined in the
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Fig. 10: Simulated interfacial surfaces incorporating only enclosed cavities and yented air-gaps formed by interconnected cavities.

next section. Before that, the effect of the gas pressure
inside of the cavities will be discussed in the following.

Using the determined largest cavity sizes (Fig. 9), es=
timated PDIE values are compared to the AC BDS and
PDIE™ results in Fig. 11(a) under two scenarios. In addi-
tion to the results shown in Fig. 11(a), extended.results are
also presented in Fig. 11(b), that cover more"data,points
at a wider pressure range from the AC breakdown exper-
iments, performed using XLPE and PEEK with the same
surface roughness (#500).3 N

In the first scenario, the pressure inside of the cavities
is assumed to remain at ambient, pressure because a large
number of connected cavities atdthesinterface are likely to
allow the air to be squeezed outrand bewented to the sur-
roundings. However, the results of the AC breakdown ex-
periments and the simulation results [Fig. 10(a)] indicate
that the assumption of vented cavities is not entirely valid
in the cases of smooth/interfaces under high contact pres-
sures and/or very soft interfaces subjected to high contact
pressures. In thesescases, the mumber of isolated cavities
is very high while there are few, if not none, vented chan-
nels according to the interface simulations. Consequently,
vented cavities and enclosed cavities at the interface are
likely to coexist in real life.

3PD experiments.wére 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 [10]-

The gas pressure inside of an isolated cavity may rise
as afunction of the change in the cavity size (the extent
of which is dependent on the contact pressure and elas-
tic modulus), which in turn, increases the discharge field
strength of the cavities according to the right-side of the
Paschen minimum. Thus, in the second scenario, the gas
pressure inside of the enclosed cavities is estimated us-
ing ideal gas law. According to the ideal gas law, the air
pressure in the enclosed cavities tends to be higher than 1
atm after the contact pressure is increased above its initial
value. To model the air pressure inside of enclosed cavi-
ties, the initial gas pressure pp—prior to the application
of contact pressure—is set to 1 bar (=~ 1 atm). With the
increase of the applied pressure, cavities are further com-
pressed, and hence the pressure inside of a cavity, p. will
rise according to the ideal gas law [30]:

dcam_e 3
pe = (—f) o, (11)

dcav

where dcqu,., Pt the initial cavity size in the tangential
direction when p, is equal to the reference initial applied
pressure pr.s. Based on the right of Paschen minimum,
the discharge field strength of air-filled cavities increases
as a function of the gas pressure inside of the cavities.

Scenario 1: Vented cavities — p. = 1 bar

The results shown in Figs. 11(a)-(b) suggest a mod-
erate correlation between the BDS values and the PDIE®
values within the covered pressure range in the case of
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Fig. 11: 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.

XLPE-XLPE #500. The ratio of the mean BDS to the
mean PDIE® ranges from 0.95 to 1.3. This deviation sug-
gests that the interfacial breakdown is likely to be dom-
inated by the cavity discharge between the XLPE sam-
ples at low contact pressures. Nevertheless, PEEK-PEEK
#500 interfaces exhibited a relatively weak correlation be-
tween the estimated cavity discharge and the interface
breakdown fields, particularly at relatively high contact
pressures.

The correlation between the measured BDS and
PDIE™, discussed in this section, seems to be in line with
the correlation between the measured BDS and PDIES;in
this scenario. In the case of XLPE-XLPE #500, PDIE®
values were within the confidence intervals of the PDIE™
values [Fig. 11(a)]. For the PEEK-PEEK #500, on the
other hand, PDIE® was comparable to PDIE™, only at
1.16 MPa whereas the deviation became Jdarger towards
2.25 MPa.

These findings hint that, in the caSe ofshigher elas-
tic modulus, the interfacial breakdown is{probably not
solely governed by the discharge of ventedsair-filled cavities
(channels), particularly at high eontact pressures. There
are two factors likely to cause ¢his behavior. First, the
electrical insulation properties, such as the tracking resis-
tance, are likely to play a wital role in determining the
endurance of the contact ‘spots against breakdown. The
influence of the interfacial tracking-resistance of the con-
tact spots on the interfacial breakdown will be discussed
in Section 6.2.2. Secondy the gas pressure inside of the
enclosed cavities,«whose numbers go up significantly at
relatively high contact pressures as the simulation results
suggested, are likely to influence the PDIE of the cavities.

The effect of the gaspressure is discernible in the cases
of relatively soft intérfaces. For instance, the PDIE® val-
ues of the XLPE interfaces between very rough (#180) and
very smooth (#2400) sample surfaces are shown in Fig. 12.
The correlation between the PDIE® and the measured AC
BDS values was moderate at relatively low contact pres-

10

sures while ithbecame weaker toward higher contact pres-
sures. The. increased deviation between the PDIE® and
the BDS valuesswas probably due to d;,q; values becom-
ing significantly lower [Fig. 9(a)] and the notable increase
in the number of the enclosed cavities as compared to
vented channels. Identical trends were also observed for
the SR SIR'#500 interface (Fig. 13) in the case of p. = 1
bar. [ These observations support the simulation results
such that increased contact pressure, particularly in the
cases of relatively soft and/or smooth interfaces, leads to
more and smaller enclosed cavities where the impact of the
gas pressure inside of cavities becomes more prominent.
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Fig. 12: Comparison of PDIE® and AC BDS of XLPE-XLPE #180
and XLPE-XLPE #2400 interfaces: (i) Vented cavity scenario (p. =
1 bar). (ii) Unvented cavity scenario (p. > 1 bar).

Scenario 2: Enclosed (unvented) cavities — p. > 1 bar

Using Eq. (11), the gas pressure values inside of the
cavities, p. were estimated based on the change in the
cavity size, and they were substituted into Egs. (8)—(10)
to calculate PDIE®.

As presented in Fig. 6, the increased contact pressure
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in the case of the smoothest interface, XLPE #2400, led to
an almost perfect/ideal contact between the XLPE sam-
ples. In conjunction with the larger contact area that the
simulations suggested, very high AC BDSs were recorded
in the case of XLPE #2400, particularly at higher contact
pressures, as displayed in Fig. 12. In addition, the mea-
sured 63.2 % BDS at 0.5 MPa in the case of XLPE #180
became 1.4 times the measured 63.2 % BDS at 1.16 MPa.
For the smoothest interface (#2400), the rise in the BDS
versus pressure increase was more significant by a factor
of 1.7. These findings suggest that smoother interfaces
respond to increased contact pressure to a larger extent,
leading to a higher BDS. Similarly, the simulated SiR-SiR,
#500 interface at 0.16 MPa (highest contact pressure value
applied in the experiments determined by initial tests),
as shown in Fig. 10(a), indicates that there were many
enclosed cavities even at very low pressure, which' were
broken into even smaller cavities at a slightly higher con-
tact pressure (0.27 MPa). The very high AC BDS values
of SiR-SiR #500 displayed in Fig. 13 suggest that there
were probably numerous enclosed cavities even at a rel-
atively low contact pressure, wheresthe gas pressure was
probably greater than 1 bar.

The trends observed in the cases of XLPE-XLPE and
SiR—SiR interfaces are likely to stem from the reduced cav-
ity sizes and the increaséd gas pressure in those cavities.
The estimated PDIE yaluesin the case of p. > 1 bar (see
Figs. 12-13) correlated highly 'with the measured BDS
values. Based on this highvinterdependence, it can be in-
ferred that the increased gas pressure inside of enclosed
cavities was likely, to have contributed to the very high
BDS values achieved at-smoother and/or softer interfaces,
especially at high contact pressures in the AC breakdown
experiments.

On the other hand, although the estimated d.,q. sizes
of the XLPE and PEEK are comparable in the given con-
tact, pressure range [Fig. 9(b)], the degree of correlation

11
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between the PDIE® and the BDS values for p. > 1 bar
[Fig. 11(b)] are different for XLPE and PEEK interfaces.
Considering the trends observed in Figs. 11-13 and the
discussion on the BD mechanisms so far, it is fair to in-
fer that the interfacial breakdown in the.case of higher
elastic modulus (EPOXY-EPOXY* and PEEK PEEK)
is not solely governed by the discharge of air-filled cav-
ities/channels. In the next section, therinfluence of the
contact spots is finally examineds

6.2.2. Effect of Contact Spots

The estimated local field enhancements at the contact
spots, E.,:, are compared with the estimated PD resis-
tances, Fy,., of the XLPE, EPOXY, and PEEK (of #500
roughness for all) in Fig. 14 compares. Based on the defi-
nitions in Fig. 4, instant I _peints'out the inception of dis-
charge in the largest cavities, whereas instant II indicates
the contact spot§,suceumbing to the intense local fields
and break down. Based on the proposed model described
in Appendixs. B, we estimated E.,; and Ey,. values using
Egs. (B.1)-(B3)s E,p, values used for the instant I were
the estimated PDIE valuess [Eq. (10)] while the measured
63.2 % BDS values,were used for the instant I1.

The estimated E.,; and FE;. values are displayed in
Figl 14 at_both instants. Fig. 14(a) indicates that once
the cayities ar€ discharged, the XLPE is not likely to en-
dure [the enhanced local fields due to the low estimated
trackingresistance, and this will probably lead to an inter-
facial breakdown. This finding clearly supports the rel-
atively high correlation between the measured BDS and
PDIE (both measured and estimated) in the case of XLPE
(see Fig. 11). Discharged cavities at the XLPE-XLPE
interfaces 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 the XLPE. Conversely, the estimated enhanced local
fields may not be sufficiently high to exceed the interfacial
tracking resistance in the cases of hard interfaces such
as EPOXY-EPOXY and PEEK-PEEK at the instant I
For instance, the relatively weak correlation between the
measured BDS and PDIE (both measured and estimated)
for the PEEK-PEEK #500 indicate that although cav-
ities were discharged, contact spots with high estimated
tracking resistance at the PEEK interface seems to have
withstood the intense local fields longer than the XLPE
interface lasted. For all of the interfaces, the estimated
FE.n¢ values at the instant IT clearly indicate that the local
fields surpassed the tracking resistances of the materials.

In the cases of the smoothest and roughest XLPE in-
terfaces, when discharge activity started in the largest cav-
ities, the estimated enhanced fields were close to the esti-
mated interfacial tracking resistance of the XLPE, as pre-

4The measured BDS and the estimated PDIE values of EPOXY-
EPOXY interface are quite similar to those of PEEK-PEEK, so the
results of the PEEK-PEEK were selected to represent the hardest
interface.
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sented in Fig. 14(b). At smoother interfaces, the estimated
enhanced field values appeared to be sufficiently intense to
result in the breakdown of the contact spots. The mag-
nitudes of the estimated local fields did not significantly
increase from the PD inception until interface breakdown
[from instants I to II in Fig. 14(b)] because the estimated
PDIE values were close to the measured BDS values. Con-
sequently, Fig. 14(b) highlights again that once the cavi-
ties were discharged, the low (estimated) interfacial track=
ing resistance of the XLPE was not likely to withstand
the enhanced local fields long enough to prevent an inter-
facial breakdown from occurring in a short fime. Also,
the increased contact pressure resulted in lower do,gs, and
hence relatively high PDIE® values, leading to relatively
high E.,; values based on Eq. (B.1). These findings cor-
roborate the hypothesis that the effect of :}e interfacial
tracking resistance on the interfacial breakdown is not in-
significant. In particular, its influence has been found to
be more prominent at higher contact pressures, harder in-
terfaces, and/or smoother surfaces.

These findings also strongly agree with the relevant
studies in the literature. “Kato et al.  [8] reported that
streamer propagation was inhibitedat an interfacial re-
gion where the pressure was relatively high (supporting
the presence of enclosed. gaps), which led to a higher AC
BD voltage, whilethe lowestrAC BD voltage was measured
in the case of the hardest dnterface. Du et al. [27, 32] also
focused on the PD-initiated light emission due to the re-
combinationfof chargedparticles with opposite polarities
and energetic particle:bombardment to explain the mecha-
nisms accountable for the local breakdown of contact area.
They stated that 'the energetic particle bombardment is
likely to.disrupt the covalent bonds that hold the polymer
together [27]."The light emission also gives rise to the ac-

celeration, of the chain scission [27]. The bombardment of
particles,is likely to cause the loss of part of their energies,
and trapped.carriers (electron or hole) arise at the inter-
facial/contact areas [27]. As a result, low-density regions
at the interface are formed, that are more likely to un-
dergo electrical breakdown under AC excitation [33]. For
thisireason, a discharge channel usually follows a tortuous
path with lower PD resistance (i.e., low-density regions).
Once the contact surface between two cavities is broken-
down, the discharged cavities are bridged, resulting in a
larger discharge channel. As concluded by Gao et al. [27],
the degradation and the breakdown of the local contact
area are essential for the discharge channel to propagate
at the interface.

Interface surfaces, inspected using a digital microscope
after the experiments, provide supporting evidence for
the effect of contact spots on the interfacial breakdown.
Fig. 15(a) displays the surface of an XLPE sample
that underwent an interface breakdown. The encircled
area at the surface indicates interfacial 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. 15(b).
The enclosed area unveils an interfacial microtrack (ero-
sion/carbon decomposition in microcracks of insulation)
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
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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 (a dedicated
study to monitor this phenomenon can be found in [29]).

(b) PEEK-PEEK #0500 1.16 MPa.

(a) XLPE-XLPE #500 1.16 MPa.

Fig. 15: Microtracking observed at interfaces between broken-down
samples. The widths of the microtracks range from 4 to 8 pm.

7. Conclusion

In this paper, the correlation between the tangential
AC BDS of solid-solid interfaces and the interface mor-
phology was studied theoretically and experimentally. An
extensive interface breakdown model was proposed to ex-
plore the effect of different interfacial breakdown mecha-
nisms. The backbone of the breakdown model is a deter-
ministic contact model built around the tribology of solid
surfaces. It was used to determine the sizes of the inter-
facial cavities and to simulate the 3D deformation of the
surface protrusions based on the surface roughness, con-
tact pressure, elastic modulus, and hardness of an inter-
face. The estimated sizes of cavities and contact areas were
then coupled with a thorough breakdown modell that ad-
dressed cavity discharge and breakdown of contact areas,
separately.

The interface contact model indicated that increased
contact pressure reduced the number of long, vented air-
gaps, and thus, created more enclosed cavities at an inter-
face. Likewise, the smoother the interface was, the more
enclosed, smaller cavities were present. Convessely, harder
interfaces brought about larger cavities, and thus, long
vented air-gaps were formed by the interconnected cavi-
ties: vented and enclosed cavities at an interface coexist
in real life. Thus, the gas pressure inside of the enclosed
cavities tends to rise as a function of the change in the cav-
ity sizes, the extent of which is dependent on the contact
pressure and elastic modulus.

The results of the AC breakdown’and PD experiments
indicated that interface pressure, roughness, and elastic
modulus significantly ‘affected the BDS of solid-solid in-
terfaces. The interfacial BDS-«walues in the cases of softer
interfaces, SiR—$iR and XLPE-XLPE, were found to be
up to 58 % higher than those of the harder interfaces,
EPOXY-EPOXY and PEEK-PEEK at the same contact
pressure. Likewise, smoother interfaces and higher contact
pressures led to considerably higher AC BDS values (up to
20 kV/mm). Thetincreased gas pressure inside of enclosed
cavitiesswas likely to have contributed to the very high
BDS values achiéved at smoother and/or softer interfaces,
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especially at high contact pressures in the AC breakdown
experiments.

The interfacial breakdown in the gase, of XLPE—-
XLPE has been found to be strongly dominated by the
discharged cavities due to the relatively.low estimated
interfacial tracking resistance of XLPE. In other words,
discharged cavities have resulted inan interfacial failure
more easily because the contact spots could notwithstand
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 theyother hand, in the
case of hard interfaces with higher elastic modulus such as
PEEK-PEEK, contaetspots. may/ have endured the local
enhanced fields longer dueto the relatively high estimated
tracking resistance ‘of PEEK. To sum up, the results have
suggested that the,influence of the interfacial tracking
resistance of contact spots on the interface breakdown
becomes meore, prominent at higher contact pressures,
interfaces sbetween,_harder materials and/or smoother
surfacest

Toseur knowledge, the proposed interface breakdown
modelyis novel in incorporating diverse interdisciplinary
fields. Asa result of the clear agreement between the the-
oretical results and experimental results, we believe that
the model deserves further attention.
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APPENDICES
Appendix A. Deterministic Contact Model
A.1. Implementation of the Variational Principle

Rough surfaces can be digitized and simulated with-
out any further assumptions for the diffusion and den-
sity of rough asperities using “the variational principle”
[2, 12, 13]. Tt employs a direct, quadratic numerical pro-
gramming method that returns a unique solution for rough
surface contact problems, where the computation time is
substantially shorter compared to the conventional matrix
inversion technique because there is no additional iteration
process involved in the variational approach [13]. Hence,
converging solutions for the contact problems of 3D rough
surfaces with multiple contact points becomes viable.

Solving a variational problem is identical to finding the
minimum value of an integral equation that can be approx-
imated to a “boundary value problem” of differential equa-
tions for a mechanical system [2]. Two minimum energy
principles, namely “total elastic strain energy” and “to-
tal complementary potential energy”, can be employed for
solving mechanical problems in the variational approach
[2, 13]. In the cases where the real area of contact and
the pressure distribution are uncertain, the minimum “to-
tal complementary potential energy principle” for rough
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surface contacts requires the lowest complementary energy
value of the contact surface system, realized using the min-
imum value of an integral equation.

The contact between real-life topographies leads to
plastic deformations at the contact spots, even under
relatively light loads [12]. For instance, Tian and Bhushan
[13] constructed their proposed model on the variational
approach for both elastic and elasto-plastic materials,
allowing computation of the resulting plastically deformed
surfaces. The variational principle simplifies the problem
to a “quadratic mathematical programming problem”
owing to an “infinite-to-finite dimension transformation”
[2]. The variables in the variational method, namely,
the real contact area and the contact pressure distribu-
tion, are used to find the minimum value of the “total
complementary potential energy” [2, 13].

A.2. Discretization of Surface Profiles

An approximate value for the “minimum complemen-
tary potential energy” is acquired by discretizing the entire
interfacial contact surface (obtained using the optical pro-
filometer), i.e., the computational domain represented by
2 in Egs. (1)—(3) into a mesh of smaller discrete elements
[13], as illustrated in Fig. A.1. Thereby, the surface defor-
mation (cavities and contact spots) is associated with the
applied contact pressure.

The obtained 3D surface profile of each specimen /s
stored in a 480 x 640 mesh. The assessment length of each
row vector of the measured profile is discretized into 10240
elements, resulting in an equivalent, discrete mesh with a
size of 480 x 10240 (see Fig. A.1). The measuréd profile
by the profilometer spans a lateral length of L, which, is
a fragment of the thickness of the sample. 7. The total
applied load W,, is thus scaled by L/T as described in
[34]. The samples studied are of L, = 1.25 mm, Ly = 0.94
mm, and T = 4 mm.

The correlation between contact pressure and elastic
deflection is defined by Eq. (3), and, by the %plication of

1 mesh = 1.95 pm
—>

1 meshI
m, 480 inesh
0.94 mm
y 1240 mesh = 1.25 mm
nxm: 480x1240 (Discretized surface mesh)
2 z m,_ : 1 x1240 (Single row mesh)
Figs A.1: Scanned surface data discretized into a mesh of 480 x 1240.
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a finite difference method (FDM), it is discretized into:

M
0o = ZKij Dj
J

where M represents the total number of initial ‘contact
spots, Kj; is the arbitrary discretization of K, and p; is
the discretized contact pressure in each cell of the mesh.
The equation defining the total potential complemen-
tary energy, F is in a quadratic form, due to the correlation
between the elastic deflectionsand the comtact pressure:

1 M M M
Fi= in:pi Zj:Kijpj —Zi:pz‘ (r9g— Py — 6p; ), (A.2)

(A1)

which can be reformulated in@matrix form [12], viz:

1
F=§PKP—P(h2—h1—5p)' (A.3)
A pressure p value must be determined that yields the
zero gradient of £, i.e.,/,VF = 0 to find a minimum energy
value satisfying / . The gradient V = 9/0 p of F in respect
of p is given by [12];

yF =Kp+8,—(hz —hy)

A.
=8c+ 86p — (hy —hy). (89

A.3. Solution Technique

The solution method proposed in this section mini-
mizes F using a nested iterative process by finding a p
that leads to VF = 0 [12]. The force-balance condition is
controlled by an inner loop in the iterative process, and
an outer loop carries on iterating until all contact points
dwell adequately close to the contact plane [12]. When
the inner loop is complete, based upon the position of the
contact points and the pressure component, an “influence
matrix” is built to correlate the contact pressure to the dis-
placement of the surface profile [2]. Following this, “the
minimum total complementary potential energy” incorpo-
rating the information of the displacement and pressure is
acquired by employing “a direct quadratic mathematical
programming technique” [13]. Since forces in the opposite
course to the movement of interfacial surfaces in contact
are not permitted, p; > 0 where j = 1,..., M limits the
quest for a minimum value of Eq. (A.2). It should be
highlighted that the number of the ultimate contact spots
satisfying the limit, p; > 0, is likely to be lower than M.
Overall, this solution technique is reported to be very ro-
bust as the algorithm never diverged [2, 12].

In the computer program running the algorithm,
initially, 3D surface profiles of the two surfaces forming
the interface are imported. Subsequently, the “equivalent
rough contact surface” (sum surface) is generated. Next,
the contact surface is discretized into mesh components,
representing the protrusions/asperities. Then, an itera-
tion loop is executed to compute elastic deformation. In
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case the pressure at any contact spots goes beyond the
material hardness (main constraint of the algorithm, as
mentioned at the beginning of the section), a fraction
of the surface at that specific vertex is discarded, and
then the contact spot is classified as plastic. A new
elastic solution is then attained based upon the altered
profile containing plastically deformed spots. In case the
pressure at plastic contacts does not reach a predefined
level, the plastic deformation at those specific points
must partly be eliminated [12]. The iterations continue
by incrementing the applied load until a force-balance
is achieved, i.e., until the pressure at all plastic points
dwells within/between the predefined lowest level and
the hardness of the softer material at the corresponding
applied load [12]. The analysis is run for contact points
where pressure is greater than zero, p; > 0. The iterations
continue until 8, &y, and p satisfy Eq. (A.4).

The elimination of the extra iteration cycles due to
the “conventional matrix inversion” methods leads to a
significantly accelerated iteration cycle and can be deemed
the main advantage of this algorithm [13].

A.4. Computation of Real Area of Contact

The number of discretized elements that have a pres-
sure value higher than zero (Ng,:) is given by:

g nj

Ncnt :7’?% ZZ |Sgn(pij) |a

i=1 j=1

(A.5)

where sgn represents the signum function that extracts the
sign of the contact pressure. In the deterministic model,
the contact pressure is zero at the asperity peaks, whereas
it is a nonzero positive real number at the contacting
points, represented as:

sgn (pij) = {

Based on Eq. (A.6), |sgn(p;;) | in Eq." (A.5) reduces
to sgn (p;;). The number of discrete elefentsy Ngsi$ then
given by Ng = n; x n;. The ratio jof the total contact
area to the nominal area A, q/A, can bé calculated as a
fraction of the number of discretized elements Ng:

Are,d/Aa (%) —= X 100, (A?)

where the subscript d in Ay, ¢ represents the estimated
real contact area in the diserete environment of the de-
terministic model to differentiate it from the A,. in the
statistical model. As mentioned in Appendix A.2, the dis-
cretized surface data_aresstored/in a 480 x 10240 matrix,
where n; = 480 and n; = 10240.

1 if Pij > 0,

. (A.6)
0 if Dij S 0.

Ncnt

Appendix B. 'Estimation of the Breakdown
Strength of Contact Spots

In this [section, the BDS of contact spots is modeled.
The model“incorporates two empirical submodels to es-
timate the enhanced local fields at the edges of the dis-
charged-cavities (at the contact spots) and the interfacial
tracking resistance of the contact spots, respectively.
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B.1. Estimation of Enhanced Fields at the Contact Area

Although the applied electric field is uniform, strong
non-homogeneous local fields arise at the.contact spots
that enclose the discharged cavities [18], @s we also con-
firmed it using finite element method, asshown in Fig{ B.1.
The field strength in a discharged cavity significantly drops
due to the high electrical conductivity, of the jdischarge
spark. Until the discharge is ‘quenched, the,contact spots
undergo an increased electric field; as,depicted in Fig. B.1,
due to the increased voltage at(the contact area. However,
the enhanced fields may not be sufficiently high to induce a
breakdown on the contact area [27]y The interfacial track-
ing/PD resistance of the insulatien substantially deter-
mines whether the resulting intense local fields can trigger
a complete interfacial ﬁasho&r [19-21].

A 156
kv/mm

140 20,02

contact spot,

discharged-cavity
120

20.01

20

19.99

19.98
o Interface l

7.88 7.89 7.9 7.91 7.92 7.93 7.94 7.95 mm

Fig. B.1: Electric field distribution at the XLPE-XLPE #180 in-
terface,in the case of discharged cavities (representing the duration
between instants I and II in Fig. 4) performed using finite element
method (equivalent rough surface data, as illustrated in Fig. 2, was
exported to COMSOL Multiphysics).

It was shown that the locally enhanced fields at the
contact spots can accurately be emulated by a needle-plane
(point-plane) or a needle-needle electrode arrangements
[19-21]. Empirical models were also widely proposed to
estimate the peak electric field for the point-point or point-
plane configurations [20, 21, 35]. Combining these two ap-
proaches, the endurance of the contact spots against the
locally strong fields is modeled in this section.

When a dielectric between two electrodes, where ei-
ther (or both) electrode has a sharp conductive section,
is subjected to rated/average field strength, the electric
field at the sharp section is enhanced significantly [21].
The enhanced field can be equal to or greater (by sev-
eral orders of magnitude) than “the estimated intrinsic
breakdown strength” of dielectric materials [21, 23]. The
increased local field on the contact area is approximated
using a point-point electrode arrangement:

Vapp /1 +10/1

r, arctanh {

Ecnt = ) (Bl)

o)

where r,, is the radius of the tip of needle (usually with a
tip radius of 0.1 — 0.3 um), V4, is the applied voltage, [ is
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the thickness of the bulk polymer between the electrodes
[21]. To calculate V,,,, the applied field E,p, is multiplied
by the nominal thickness of the interface, d;n:, since the
applied field is homogeneous (Rogowski electrodes). In
addition, to compute the thickness of the bulk insulation
between the electrodes, [, the total length of the contact
spots, i.e., the effective interface length (l.rs) is required
to be substituted for [ in Eq. (B.1). Based on the contact
model shown in Fig. 3, l.sy is calculated by the summation
of the length of each contact spot:

My Ny
leff = Z lcntk = dint - chavj )
k=1 j=1

where m,. is the total number of contact spots in a single
row vector/mesh, as illustrated in Fig. A.1. (n, is total
number of cavities.)

(B.2)

B.2. Estimation of Interfacial Tracking Resistance of
Contact Spots

Interfacial tracking/PD resistance of insulation materi-
als have been investigated thoroughly using needle-needle
or needle-plane electrodes excited with AC, DC or impulse
[19-21, 23, 33, 35]. Based on the empirical study done in
[20], the tracking resistance Ey,. was modeled as:

16GE \"
Etr = <6C;) )

B.3
o2& 2r (B3)

where G is the toughness [J/m?], E’ is elastic modulus
[Pa], € is the permittivity of vacuum [F/m], e, is the
dielectric permittivity [F/m], and r is the raditis ofithe
primary “tubular branch of the breakdown channel” (in-
terface tracking path) [m] [20, 23].

The PD tracking is a momentary breakdewn mecha-
nism, not an aging mechanism. Based on the empirical re-
sults, the duration from the initiation of interfacial track-
ing to breakdown is estimated to be < 1057 s [20; 23].
For this reason, time is not a parameter inEg. «(B.3).
Breakdown streamers can be initiated by various agents
and sources; such as a microcavity, ‘an Ampurity /foreign
particle, an electrode non-uniformity, an electrical tree, or
a non-uniform property of the dielectric [20]. The radius
r is determined based on the€auserof theflashover. Since
the source is emulated by the sharp meedle tip in this ap-
proximation, the radius of the interface tracking path is
assumed to be the sameas that ofithie needle tip (r = ry,).

Appendix C. Details on the Methodology

The electrical and mechanical properties of each mate-
rial is shown in Table C.1{\It also incorporates the calcu-
lated effective modulus of' each interface formed between
the same maferials using'Eq. (5).

In the experiments, the test setup was placed in an
oil-filled comtainer (Midel 7131) to ward off external
flashovers. The force of the electrodes against the samples
were adjusted using a helical spring to ensure two elec-
trodes does not carry any shear load. To that end, firstly,
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the spring length was fine-tuned using a pressure sensor.
Secondly, the samples were assembled in dry conditions
and then the load was exerted. Subsequently, while the
load was in position, the spring was retractedrand released
back to remove any residual shear load.. Finally, the
container was filled with the oil to inhibit oil'migration to
the interface. Mechanical loads ranging from 3 to 75 kg
(0.16—3.34 MPa) were used t@ypush down the top sample
(vertically) to the bottom samplérat the desired contact
pressures, as exhibited in Fig./.1."The mean interfacial
pressure was then determined, using the mominal contact
area of A, =4mm x 55mm =220 mm?. The lowest and
highest pressure levels were determined in initial tests
by inspecting the interfaces against oil penetration and
excessive deformations’Sealing grease was applied around
the interface to minimize théMikelihood of oil penetration.
For example, testing,of the XLPE-XLPE interface was
not viable at pressures highér than 1.67 MPa because of
the excessive deformation of the specimens. Similarly,
the SiR samples started to deform above 0.27 MPa,
rendering «the testing/ at higher contact pressures not
possible/due to the likelihood of oil penetration. Oil-mate
interfaces had also been tested to verify the reliability of
the setup in preventing undesired oil penetration within
the determined, contact pressure range for each interface
[7]. Each test took between 20—80 s, so the samples were
submerged/in oil no longer than a few minutes; thus the
percolation /permeation of oil was not at stake.

Sample 1
R20
R4

load

Synthetic
ester/oil

s

Fig. C.1: The test setup used in the AC breakdown experiments: (1)
Top pressure conveyance block (adjustable). (2) Bottom pressure
conveyance block (fixed). (3) Rogowski-profile electrodes. (4) Helical
spring. (5) Supporting frame. (6) Epoxy plate. (7) Load stabilizers
(epoxy). Dimensions are given in mm. For details, refer to [6].

Interface Sample 2 |

For the AC breakdown tests, we subjected all samples
with a homogeneous AC electric field using a 50-Hz AC
ramp voltage at the rate of 1 kV/s until breakdown. We
carried out eight measurements using an unused pair of
specimens for each of eight repetitions to test each inter-
face at each surface roughness and contact pressure. The
same type of AC voltage ramp of 1 kV /s was applied in the
PD tests. When the PD activity started, the voltage was
maintained for 2 minutes at the inception voltage PDIV,
and the PD data was recorded. Following this, the volt-
age was reduced to zero, and a five-minute interval was
given before repeating the procedure. Four virgin pairs
of samples were used in each experiment, and each pair
was tested three times with five-minute breaks in between.
Hence, 12 measurements in total were recorded for each set
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Table C.1: The electrical and mechanical properties of each material used for the models and simulations.

Elastic Poi R Hardness Relative Effective Interface
Polymer modulus 01‘sz‘son s H [MPa] permittivity Interface Modulus D
¢ [MPa] ratio v er E’ [MPa] pp
SiR 59 0.48 2.2 2.8 SiR—SiR 109 Very, soft
XLPE 200 0.46 11.2 2.3 XLPE—-XLPE 226 Soft
EPOXY 4425 0.38 12.3 4.6 EPOXY—-EPOXY 5166 Hard
PEEK 7515 0.38 12.4 2.8 PEEK—-PEEK 8808 Very hard

of PD tests. Interested readers can refer to [6, 10] for the
details of the experimental setup (for AC breakdown and
PD tests) and the experimental procedure.
Two-parameter Weibull distribution was used to statis-
tically assess the breakdown and PD data. The character-
istic value of the Weibull, 63.2 %, with the 90 % confidence
intervals (CI) were used. In each case, goodness-of-fit for
the Weibull regression lines was checked using the guide-
lines in [36]. Lastly, to provide the deterministic model
with the real 3D surface data, we scanned/characterized
the morphology of the polished sample surfaces using a
3D-optical profilometer (Bruker ContourGT-K). 50X mag-
nification (sampling resolution: 0.2 um lateral and 3 nm
vertical) was chosen to scan a surface area of 1.25mm X
0.94 mm, data of which is stored in a 480 x 640 mesh.
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