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Abstract— With the ever-increasing requirements placed
on current and future pulsed power systems in terms of
voltage, power, and compactness, solid insulation is a
strong candidate for the development of novel insulating
systems capable of meeting these specifications. However,
the issue of solid-solid interfaces under non-standard and
fast-rising impulses must firstly be addressed, as the failure
to do so may pose significant risk of electrical breakdown
due to reduced dielectric strength across interfacial con-
tacts. In this work, the impulsive breakdown characteris-
tics across dry-mate solid interfaces formed between PVC
(polyvinylchloride), Torlon (polyamide-imide), Delrin (poly-
oxymethylene), Perspex (polymethylmethacrylate), and Ul-
tem (polyetherimide) has been investigated in atmospheric
air and under two different impulsive waveforms rising
at ~2400 kV/ps and ~0.35 kV/us and in the overstressed
breakdown regime. The statistical treatment of the obtained
impulsive breakdown voltages and time to breakdowns are
presented, alongside an analysis of the post-breakdown
surfaces and discharge channel morphologies. The results
indicate that under low mating pressure conditions (10’s
of kPa), the interfacial breakdown strength may be below
that of only an air gap with no dielectrics. A correlation be-
tween the estimated asperity aspect ratio and the interfacial
breakdown strength has been observed. This suggests that
under the present experimental conditions, field enhance-
ment around surface asperities may be a dominating factor
which defines the breakdown strength of the interface,
since the surface asperities do not deform sufficiently to
form strong interfacial contact spots, and thus effectively
reduces the interfacial tracking resistance. The widths of
post-breakdown traces left by plasma channels on the con-
tacting surfaces have also been shown to be dependent on
the rate of voltage rise, dV/dt, and on the material forming
the interface. The results arising from this work may aid
in the future development of high voltage solid insulating
systems for power and pulsed power systems.

Index Terms— solid-solid interfaces, dielectric phenom-
ena, electrical insulation, pulsed power, electrical break-
down
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Fig. 1. Graphical depiction of gas-filled, void-like features formed
between two solid surfaces at a solid-solid interface.

[. INTRODUCTION

N recent decades, numerous novel technologies operating

under the principles of pulsed power have been developed,
with wide-ranging impacts to a vast array of industries. Suc-
cessful application of pulsed power technology has benefited
the food processing [1], [2], environmental [3], [4], and
manufacturing industries [5]; while pulsed power research
continues to contribute a significant amount of critical design
knowledge towards the power [6], aerospace [7], and defense
[8] sectors. No matter the application, reliable operation of
pulsed power systems is underpinned by electrical insulation.

The continuing advancement of pulsed power systems has
led to increasing levels of transient electrical stress being
placed on insulating components, resulting from the need
for miniaturization and from increases in operational voltage
and power. Solid insulation offers unparalleled dielectric per-
formance in comparison to liquid or gas, and has become
an attractive option to support system miniaturization. For
some applications, all-solid insulation systems [9] have been
proposed and are seen as a possible method to push system
specifications higher than ever before. However, to success-
fully integrate solid insulation into pulsed power systems,
points of potential weakness must first be identified and
addressed.

One such weakness is the inevitable formation of solid-
solid interfaces — contacts between separate solid insulators
most often found at connections or joints. Breakdown across
solid interfaces is well known to occur at far lower voltage
stresses than in bulk solids [10]-[12]. The conclusions of
multiple studies [9], [13]-[15] indicated that the mechanism
of solid interfacial weakness may be driven by gas breakdown
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Fig. 2. (a) 3/4 cutaway view of a 3D model of the utilized test
chamber, (b) magnified image showing the location of the solid samples
forming the solid interface, and the spring loaded HV electrode, (c)
sectional view through the center of the solid sample holder, indicating
the locations of the inset springs providing the sample holding force.

inside the void-like features developed at the contacting sur-
faces. These features result from the inherent and unavoidable
surface roughness of the materials forming the connection,
whereby cavities on the solid dielectric surfaces form gas-filled
voids along the interfacial contact, as illustrated in Figure 1.
In a series of studies, Kantar er al. [16]-[19] tested this idea
further, successfully correlating the surface roughness [17],
elastic modulus [18], [19], and contact pressure [17] to the
interfacial breakdown strength under AC electrical stress at
power frequencies. The authors further conducted comprehen-
sive modelling work [20], [21] which supported these findings.
The culmination of these works has raised awareness for the
need to consider the mechanical and tribological properties of
solid interfaces when designing solid insulation systems.

In general, however, there is a lack of both experimental
characterization and theoretical exploration of solid interfaces
under impulsive breakdown and for pulsed applications. This
includes fast-rising non-standard impulsive stress, nonuniform
field geometries, and atypical materials outside of those com-
mon to power equipment. The objective of the present work
is to begin the expansion of solid interface characteriza-
tion to the impulsive regime, by experimentally investigating
the impulsive breakdown characteristics of solid interfaces
formed between five materials: PVC (polyvinylchloride), Tor-
lon (polyamide-imide, also known as Duratron T4203), Delrin
(polyoxymethylene), Perspex (polymethylmethacrylate), and
Ultem (polyetherimide, also known as Duratron U1000). The
selection of materials was informed by their wide commercial
availability and their importance to pulsed power system
design, see for instance the applications in [22]-[24].

This work focused on the breakdown voltage and time to
breakdown of solid-solid interfaces (with both sides formed

of the same material — non-matching interfaces have been left
as a subject for future work) stressed with HV impulses with
different rates of rise (dV/dt) strictly exhibiting breakdown on
the rising slope, and on the analysis of the post-breakdown
morphological changes on the surfaces induced by spark
discharge plasma channels.

[I. EXPERIMENTAL METHODOLOGY
A. Test Chamber and Circuit

Breakdown testing on the material samples were conducted
using the test cell shown in Figure 2. The sealed main
chamber housed a custom-designed sample holder which could
accommodate two 50 by 50 mm square material samples, held
in contact by two spring-loaded ball bearings fitted inside the
holder edge. The contact pressure at the interface was therefore
kept consistent via the downforce exerted by the deformation
of the spring, estimated in the range of 10’s of kPa based on
the measured spring constant and deformation distance. The
assembled holder was placed inside the sealed chamber, where
an adjustable brass ball bearing electrode of radius r» = 3.5 mm
was positioned in contact with the interface formed between
the two samples. The base of the sample holder therefore
acted as the ground (plane) electrode. The chamber can be
pressurized with different gases, however, the present work
focused only on breakdown in laboratory air at atmospheric
pressure. The chamber was evacuated after each breakdown
shot using a vacuum pump and filled with fresh air, ensuring
identical gas conditions were present for each data point.

The circuit diagram of the test circuit is shown in Figure 3.
The configuration consisted of a high voltage (HV) impulse
generator connected to the HV electrode, which was either a
custom-built stacked Blumlein generator following the topol-
ogy shown in [25] charged at 30 kV using a Glassman HV
power supply through a 1 M) charging resistor, and with
a nominal multiplication factor of 4, or a Samtech TG-01
generator with a peak voltage output of 35 kV. The former
was used to generate impulses of ~50 ns rise time (~2400
kV/us) by triggering the pulse using a self-breaking spark gap,
and the latter to generate longer, ~100 ps, rise time impulses
(~0.35 kV/us). The faster-rising waveform is highly relevant
to, for example, nanosecond pulsed plasma systems [26],
while the slower-rising waveform is representative of system
transients such as switching impulses [27]. Voltage monitoring
was provided through a copper sulphate (CuSOy) divider (1:8)
and a Northstar PVM-5 HV probe (1:1000, 80 MHz nominal
bandwidth), while the current signal was recorded using a
Pearson model 6600 current monitor (0.1 V/A, useful rise-time
5 ns). Breakdown voltage and current signals were captured
simultaneously on a Tektronix TDS3045C digital oscilloscope
(500 MHz bandwidth, 5 GS/s).

B. Material Samples

Sheets of PVC, Delrin, Torlon, Perspex, and Ultem were cut
into 50 by 50 mm square samples, where the surfaces were
treated using a shoulder mill [28]. An identical cutting process
was followed for all four edges of each sample to ensure that
the surfaces would be treated consistently for each material.
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Fig. 3.  Circuit diagram of the experimental test circuit. The pulse
generator was either a custom-built stacked Blumlein [25] triggered
using a self-breaking spark gap, or a Samtech TG-01 pulse generator.
In the latter case, the CuSO, voltage divider was not necessary due to
the lower peak voltage.

Consistency was confirmed using roughness measurements as
described in section II-C. As this study did not aim to focus
on varying the surface roughness, no additional treatment
of the cut surfaces was performed. It is remarked that by
using the freshly cut samples “as received” is perhaps more
representative of the level of surface treatment used in most
practical industrial use cases, as surface treatment to attain
specific surface conditions would not be performed for most
standard applications. Roughness characterization of the cut
surface, however, was conducted following the methodology
of section II-C. Table I includes other relevant properties of
each material used in this work.

C. Surface Roughness Characterization

In accordance with the past findings of gas cavity driven
interfacial breakdown, it is known that the roughness condi-
tions of the contacting surfaces can play a major role in the
determination of interfacial breakdown strength [17]. Thus,
all surfaces used in this work were also subjected to surface
characterization prior to breakdown testing.

To do so, surface profiles at four evenly-spaced intervals
across each material sample were taken prior to breakdown
tests, using the Accretech “Handysurf 35+ profilometer with
an evaluation length of 5 mm. The instrument features a
diamond-tipped mechanical stylus of 2 um tip radius, and
although the profilometry method is mechanical in nature, the
downward stylus force of only 0.75 mN (estimated pressure
~60 MPa) was sufficiently small to not inscribe any of the
contact surfaces, and therefore would not affect the breakdown
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Fig. 4. Example of (a) motif profile that can be extracted from the

primary surface profile of a rough surface, made up of a chained
number of motifs, (b) depiction of a single motif, labelled with relevant
parameters described in Table Il.

results. The motif method as prescribed by the ISO12085
standard [29] (and also used in [20]) was used to process the
measured primary roughness profiles, allowing the extraction
of the roughness and waviness characteristics of the surfaces
under test. The details of the method are well documented
elsewhere [20], [29] and so only a brief outline of the process
and relevant outputs are provided below. With reference to
Figure 4, the motif method can extract the motif profiles
of the primary profile curve, separating the short-wavelength
(roughness motif) variations from the long-wavelength (wavi-
ness motif) features of the primary roughness curve. The
motifs of the surface can be used to calculate several relevant
surface parameters, as tabulated in Table II. Knowledge of
these surface parameters enables the application the equivalent
surface method [30] for surface contact, and so the equivalent
surface parameters for an interface between surface 1 and
surface 2 can be calculated according to

Req:R1+R27 Weq:W1+W2a

1
ARy =5 (AR + ARy),  SRe,=\/SR}+ SRS,
SWe.y = 1/SW2+ SW2, SAR., = \/SARZ + SAR,
(1)

where the parameters with subscripts 1 and 2 correspond to
the first and second surfaces in contact, and subscript eq
describe the properties of the combined two-surface contact

TABLE Il
TABLE | MOTIF PARAMETERS COMPUTABLE FROM ROUGHNESS AND WAVINESS
RELEVANT PROPERTIES FOR THE MATERIALS INVESTIGATED IN THIS MOTIF PROFILES ACCORDING TO [20], [29]. SUBSCRIPT % USED HERE
WORK. IDENTIFIES THE 2-TH MOTIF ALONG THE ANALYZED SURFACE.
Thickness d Relative Elastic Parameter  Description
Material mm s Permittivity, Modulus E, R Average roughness motif height across all R;.
Er MPa w Average waviness motif height across all W;.
pPvC 12.14 2.9 3400 AR Average roughness motif widths across all AR;.
Delrin 10.72 3.7 2800 AW Average waviness motif widths across all AW;.
Torlon 10.33 39 4200 SR RMS of roughness motif heights across all R;.
Perspex 9.44 3.6 3200 SwW RMS of waviness motif heights across all W;.
Ultem 13.25 3.0 3500 SAR RMS of roughness motif widths across all AR;.
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Fig. 5. Oscillograms of typical voltages obtained during breakdown
for (a) 50 ns rise time stacked-Blumlein, (b) 100 ps rise time Samtech
TG-01 pulse generator. Red circle indicates the identified breakdown
voltages, red dashed lines show the identified time to breakdown. Both
examples shown here are from interfaces formed from Torlon, but
representative of waveforms for all other materials.

as the contact of an equivalent surface against an ideally flat
plane. In this work, the equivalent surface parameters were
calculated from the averaged parameters of the contacting
surfaces over the four measurement locations. In this way,
a quantitative measure of the surface roughness condition of
each solid interface could be made, and which is included
within the analyses presented in section IV.

D. Experimental Procedure

Sample preparation involved first taking surface roughness
measurements of the sample surfaces, following section II-
C. Each surface was then cleaned using a 70% ethanol-water
solution and with low-lint paper, with care taken to remove
any residue or other foreign material that may become caught
between the surfaces when the contact is made. The holder
with dried and assembled samples was then secured, with the
HV electrode positioned such that it would be in light contact
with the samples, before the chamber was sealed.

Each interface (formed between one pair of samples) was
subjected to 20 HV shots, with a 1 min 30 s delay between
each shot to ensure that any residual charges could fully
dissipate. This was confirmed using a Trek 347 electrostatic
voltmeter during initial tests, which saw the surface potential
drop to negligible levels rapidly after interfacial discharge.
During this time, the test chamber was also flushed and
replaced with fresh air. As the stored energy for either of the
pulse generation systems used in this work was quite low,
20 shots could be applied to one interface without significant
surface damage. The reader is referred to the supplementary
files associated with this work, where plots of the obtained
breakdown voltages with shot number indicate that the above
experimental arrangements avoided the skewing of results with
shot number.

For each polarity, a total of 40 shots were applied to
two different interfaces. This was done to ensure that the

4

breakdown characteristics would largely be the same for an
interface of the same material. Though, it should be noted
that the first 20 shots on the first interface cannot be directly
compared to the second 20 shots on the second interface, since
their surface roughness characteristics would not be identical.
Thus, the distinction between the first 20 and second 20 shots
for each material-polarity pair is also maintained within the
results section IV.

I1l. PROCESSING AND STATISTICAL TREATMENT OF
BREAKDOWN DATA

Using the instrumentation described in section II-A, voltage
breakdown waveforms were recorded for each shot. Examples
of typical raw signals attained from the 2400 kV/us and 0.35
kV/us cases are shown in Figure 5(a) and 5(b), respectively. To
extract the value of breakdown voltage from each waveform,
raw signals (as shown in Figure 5) were first filtered using
a simple moving-average, which helps to reject noise and
oscillations around the peak. A filter window length of 10 was
used in all cases, corresponding to low-pass cut-off frequencies
of approximately 200 MHz and 2 MHz for the 2400 kV/us
and 0.35 kV/us signals, respectively. The peak position of
the smoothed waveform then becomes unambiguous and was
taken to be the breakdown voltage. The corresponding time
between the beginning of the voltage rise (first zero-crossing of
the waveform) and the peak voltage was recorded as the time
to breakdown. This process is effectively an algorithmic and
fully reproducible method of implementing visual averaging as
often done for breakdown waveforms. Note that the output of
the algorithm for every waveform was also subjected to manual
inspection to ensure that the correct points were identified.

The 20 breakdown voltage and time to breakdown data-
points per dataset were fit to two-parameter Weibull distribu-
tions (where it is assumed that the formative time is effectively
zero in comparison to the statistical time lag), informed by
both Kolmogorov-Smirnov and Lilliefors goodness-of-fit tests
at 95% confidence. The probability distribution function (PDF)

is therefore of the form:
p\A1 [ P\?
(5) e |(-2) |
o «

fpre, B) = b
@
where p is either voltage or time, « is the scale parameter,
and [ is the dimensionless shape parameter. The fitting was
conducted using the maximum likelihood estimation (MLE)
method, which seeks the maximization of the log-likelihood
function L:

2

dlogL

~ 3
70 3)

0,

L=T1 4 (vint).
i=1

where 6 are the optimal parameters & and /3 that maximize
the likelihood function with the number of observations n,
thereby describing the best-fitting distribution and enabling
the Confidence Intervals (CIs) to be computed. In the present
context, & is equal to the voltage or time at which 63.2% of
samples had failed, which is taken to be the characteristic

breakdown voltage or time of the interface (& = V. or
& = tp,, depending on the dataset). It is remarked that a
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Fig. 6. Nominal breakdown fields, Ej.., for all materials and both polarities in the (a) 2400 kV/us case, (b) 0.35 kV/us case. Time to breakdown,
tes.2, for all materials and both polarities in the (c) 2400 kV/us case, (d) 0.35 kV/us case. Orange and purple dash-dot lines indicate the
corresponding Ep,. and tes.2 values in the case of an air gap with no solid included. These are absent for positive polarity in figures (b) and
(d) since breakdown did not occur. Error bars show the 95% confidence intervals.

comparison was made between the MLE method and the
commonly used least-squares (LSQ) linear fitting and median
ranks approximation, finding that MLE was generally superior
at outlier rejection for the data handled in this work. For data
that had no outliers, the LSQ and MLE methods provided
essentially identical fittings. To compensate for the varying
thicknesses (see Table I) of the different materials, a nominal
average breakdown field value, E},., was calculated from
each obtained breakdown voltage following Ep,. = Vi3.2/ds,
where ds is the sample thickness (equal to the minimum
interelectrode gap distance). This value is used as a means
of comparison between different materials in section IV-A as
an indicator for the interfacial breakdown strength.

V. RESULTS AND DISCUSSION
A. Impulse Breakdown Strength and Material Choice

Figure 6 shows Ej,. and tg3.o with 95% CIs for the 2400
kV/us and 0.35 kV/us cases, and for all material-polarity
pairs. Dashed and dash-dot lines further show Ej,. in absence
of any solid interface at 10 mm separation for negative
and positive polarities, respectively. Note that in the specific
electrode configuration used here, the 2400 kV/us case saw
almost identical negative and positive breakdown voltages in
the no-solid case. This suggests that the gap distance (10
mm) used for the no-solid tests in the 2400 kV/us case

is close to the critical gap distance, dc.t, of this electrode
topology, where the breakdown strengths become the same
for both polarities as described in [31]. The authors of [31]
and references therein indicated that this phenomenon may be
attributed to the development and transport of space charge
in nonuniform fields. This explanation is supported by the
observed differences in breakdown time between positive and
negative impulses shown in Figure 6(c), despite near-identical
breakdown voltages. Development of sufficient space charge
may affect the overall dV/dt of the voltage across the gap
nearing the moment of breakdown, leading to a difference in
the time to breakdown despite the breakdown occurring at the
same voltage magnitude. It is also noted that additional no-
solid breakdown tests were conducted using a range of gap
distances (around 10 mm, since materials were not of equal
thickness), and little variance in the normalized breakdown
field was found. The relative positions of Ej, between the no-
solid case and breakdown including an interface of Figure 6
would therefore remain the same.

Believed to be resulting from the same phenomenon, pos-
itive breakdown could not be attained in the no-solid case
for 0.35 kV/us impulses, but negative breakdown occurred
consistently, indicating that in this case, 10 mm may in fact
be smaller than d,i; as defined in [31]. This suggests that
dcrit may also be dependent on dV/dt. It should further be
noted that upon the introduction of a solid interface, the 0.35
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kV/us case sees negative breakdown be consistently higher
than positive breakdown (Figure 6(b)), but the 2400 kV/us
case remains inconclusive (Figure 6(a)). This further suggests
that the existence of the solid interface may also affect the
critical distance, but investigation of this phenomenon is left
as a subject for future work.

Based on Figures 6(a) and 6(b), it was observed that the
impulsive breakdown strengths of the solid interfaces are not
only vastly inferior to that of bulk solids (typically in the
range of MV/cm, e.g., [32], [33]), but in the majority of cases
reduced the system breakdown strength to significantly below
that of just air alone. In [16], authors have suggested that the
tracking resistance of the interfacial contact spots may be im-
portant to determine the overall breakdown strength of a solid
interface. This was under the consideration that the interfacial
voids which partially discharge must subsequently be chained
together via breakdown of the contact spots, leading to full
interfacial breakdown. In this work, the low interfacial mating
pressure (~10’s kPa) is believed to have the equivalent effect
of significantly reducing the contact-spot tracking strength.
In this way, it is theorized that under these conditions, the
interfacial contact spots do very little to obstruct the evolution
of the breakdown across the length of the interface. Initial
discharges which form within the interfacial voids (due to the
enhancement of the electric field inside them) can readily chain
together, such that the breakdown strength of the interfacial
voids alone essentially determine the breakdown strength of
the whole interface. Now considering that the electric field is
enhanced due to dielectric polarization inside the voids (and
therefore for the same voltage stress, the field will be higher
at the solid interface than in the no-solid case), it explains
the observed reduction of the interfacial breakdown strength
below that of just air under the same electrode and voltage
conditions. This may be a critical design issue for insulation
systems which incorporate solid interfaces, showing that a loss
of interfacial pressure may result in the reduction of the system
breakdown strength to below that of solely gas insulation.

When comparing across materials, one should do so with
caution as the surface roughness conditions even between the
same materials may not be identical. However, the breakdown
results of Figure 6 are reasonably consistent for interfaces of
the same material, suggesting that the surface morphologies
were also of fair consistency between samples. Since the
resulting surface condition after cutting is also a characteristic
of the material itself, it would therefore not be unreasonable to
draw some form of a comparison. Considering the 95% CIs
(and across breakdown results of the same polarity), PVC,
Delrin, and Torlon interfaces appeared to have similar break-
down strengths and time to breakdowns in the 0.35 kV/us case.
For the 2400 kV/us case, Delrin and Torlon interfaces remain
similar, with PVC falling below by approximately 1 kV/mm
in nominal breakdown field for three out of four tests. Perspex
interfaces could be considered the highest performing of the
materials tested, with a generally higher nominal breakdown
strength. Most notably, however, is that Ultem interfaces were
significantly weaker than those formed by all other materials.
A difference of ~2 kV/mm compared to Perspex interfaces
was observed in the 2400 kV/us case, and ~1 kV/mm in the

6

Fig. 7. The four identified categories of post-breakdown traces (after
all 20 shots). Descriptions given in the main text. Left images show pho-
tographs, right images are contrast and brightness adjusted greyscale
versions for clarity. Materials shown from top to bottom: Ultem, Delrin,
Torlon, Delrin.

0.35 kV/us case. Inspection of the raw values of Vg3 o rather
than nominal fields indicated that Ultem interfaces possessed
similar breakdown voltages to all other materials, despite being
almost 4 mm thicker when compared to the thinnest materials.
For the 2400 kV/us case, the primary cause of this ranking
is believed to be the differences in sample thickness. A direct
correlation between the sample thicknesses of Table II and
E},. can be seen, where a thicker sample resulted in a lower
value for Fj,., despite being normalized by the gap distance.
It is believed that the most important factor here is the rate
of change of field, dE /dt, rather than the applied dV//dt. The
developed field for thinner samples at a certain fixed value
of dV/dt will rise with a greater value of dE/dt, which
likely results in higher Fj, based on the typical behavior of
gas breakdown in the present overstressed impulsive regime.
Considering that the interfacial breakdown is determined by
intra-cavity gas discharge, the results would suggest that the
increased Ey, of thinner interfaces due to the effects of greater
dE/dt is dominant over any corresponding reduction of Ej,
resulting from decreased dg. This observation, however, is not
entirely clear for the 0.35 kV/us case, suggesting that the
above is only a partial explanation. In both cases, Ultem was
also observed to possess a far lower Ejp, compared to other
materials, even when accounting for the greater thickness.
It is believed that the surface roughness characteristics of
Ultem may provide a secondary process which explains this
observation, and is discussed further in section IV-E.

B. Post-breakdown Surface Traces and Morphology

The low energy output of both generators used in this work
ensured that no significant surface damage was induced by
repeated breakdown in terms of burning or drastic modification
of the surface texture. However, the discharge plasma channels
leave visible marks across the interface which show the
discharge path(s) taken over the 20 breakdown shots. Only
PVC and Torlon exhibited (light) carbonization, and only for
positive 2400 kV/us impulses. Figure 7 shows several exam-
ples of the surfaces photographed after testing. Considering all
experiments that were conducted, four separate cases could be
identified based on the shape, number, and size of the visible
traces on the post-breakdown surfaces, listed below (following
the labels of Figure 7):
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Fig. 8. Magnified image of the contact between the HV electrode and
interface. Breakdown path labeled | corresponds to categories A and B,
while paths labeled Il delineates the longer path taken (through the gas
first) as in category D.

A) Central plasma channel with a small region of expan-
sion. Indicates that the discharge paths were focused
down the line of maximum (Laplacian) field for all 20
shots applied to the interface.

B) One single, central, plasma channel; but the expansion
region was significantly wider (two to three times the
width) than those in (A).

C) Multiple plasma channels originate from the spherical
HV electrode, that branch across the interface following
the Laplacian field lines. Indicates that the repeated
discharges did not follow the same path.

D) Multiple plasma channels bridge the gap as in (C);
however, some channels originate not from the spherical
HV electrode, but from the electrode edges (see Figure
8). Indicates that some shots took a far longer discharge
path to bridge the interface that did not necessarily align
with the critical path based on the Laplacian field.

With the post-breakdown trace definitions above, along with
the breakdown results of Figure 6, the analyses and discussion
of observations are presented in sections IV-C to IV-E.

C. Effects of Voltage Polarity

For the 0.35 kV/us case (Figure 6(b)), the negative nominal
breakdown fields were consistently higher than that of positive
polarity for all materials. This appears consistent with the
theory of gas-cavity discharge driven interfacial breakdown,
though clearly indicates that the critical distance (as discussed
in section IV-A) must now be different, considering that
this contrasts the results in just air. Higher negative break-
down voltages compared to positive for the same voltage
magnitude is a well-known phenomenon in electronegative
gases, generally attributed to negative space-charge effects and
higher inception voltages for negative streamers [31]. But, as
discussed in section IV-A, applies only if the configuration
is far from the critical gap distance. Comparing negative
breakdown to positive breakdown for the 2400 kV/us case
(Figure 6(a)), this tendency was not observed, and the results
were mixed. No notable correlations were observed between
the polarity and the discharge path category for either value
of dV/dt.

35 ;
[ PV C
30 NN DEL
[ TOR
25 I PER

N uLT

Width of breakdown affected
region, mm

Positive

Positive

Negative
(I
2400 kV/us

Negative
[
0.35 kV/us

Fig. 9. The maximum width of the region affected by breakdown on
the sample surfaces after 20 shots over all cases. Values shown are the
average width of the first and second interfaces (20 shots each).

D. Effects of dV/dt

As is evident from Figure 6(a) and 6(b), increased break-
down voltages were recorded for the faster-rising impulse,
behavior of which is consistent with the pulsed breakdown of
gases alone. The same was found for all materials irrespective
of polarity, attributed to the magnitude of dV/dt affecting the
amount at which the voltage may additionally increase after
the initiation of breakdown, prior to voltage collapse.

The two different values of dV/dt used in this work also
had significant effects on the paths taken by the discharges,
indicated by inspection of the post-breakdown surfaces. All
breakdown events induced using the 2400 kV/us impulse had
discharge paths that fell only into category A or B, and
those that belonged to category B were exclusively Delrin
interfaces. For the discharge paths of 0.35 kV/us breakdown,
these fell exclusively into category C or D, where category
C was dominated mainly by Torlon and Perspex interfaces,
and D was found for the majority PVC and Delrin interfaces.
The maximum widths of the surface region affected by the
breakdown (after all 20 shots) were also measured for each
interface, and the average of the two values obtained was
calculated for each triplet of dV/dt, polarity, and material. The
resulting data is shown in Figure 9.

It is believed that this preference between A/B and C/D is
caused by space charge effects: for lower dV/dt, the slower
rising voltage may allow significant charge transport prior to
breakdown, and space charge distortion near the triple junction
and within interfacial voids near the HV electrode tip may
act to redistribute the electric field in a way that redirects
the breakdown path. The degree to which the field can be
distorted before discharge inception may be far lower for high
dV/dt, and the electric field may therefore not stray far from
the Laplacian field up to the time of breakdown. This may
explain why multiple discharge channels were seen exclusively
for the 0.35 kV/us case, and equally explain the occurrence
of case D, where the discharge path is initiated from the edge
of the electrode rather than the HV tip — also only observed
for 0.35 kV/us impulses. In consequence, the average width of
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TABLE Il
REPRESENTATIVE AVERAGES OF EQUIVALENT SURFACE MOTIF
PARAMETERS. ALL UNITS ARE M.

Material Req Weq AReq AWeq
PVC 6.556 3.881 163.2 960.4
Delrin 2.264 3.472 110.3 879.6
Torlon 5.342 5.131 158.5 1036.5
Perspex 2.823 3.689 122.4 973.4
Ultem 5.026 4.492 128.1 848.5

the affected region over all shots for the 0.35 kV/us case was
found to be approximately two times wider than that of the
2400 kV/us case, as indicated in Figure 9 — a factor that would
be even larger if Delrin would be excluded in the averaging of
the 2400 kV/us data, since it was a clear outlier in this case
with the majority of Delrin traces falling into category B rather
than A. Delrin, under 2400 kV/us impulses, formed far wider
regions around the central breakdown channel than all other
materials. The present data suggests that this is a material-
specific property, but further study which potentially explores
plasma-surface interaction would have to be undertaken to
confirm this, which is outside the scope of the present work.

E. Relationship with Surface Roughness Characteristics

Of the equivalent surface parameters computed following
section II-C, those relevant in capturing the overall morphol-
ogy of the interfaces include Ry, Weqy and AR.q, AW,
since the first two provides an indication of the degree of
protrusion of surface asperities from the surface median, while
the latter two gives an indication of the larger undulations
of the surface profile, both of which are related to the size
of the void-like gaps formed at the interface which may
facilitate the discharge process. As it would be excessive to
provide individual measured values for the numerous surfaces
tested, Table III instead shows representative averages of these
parameters for each material, computed from the average
across all samples of the same material.

No correlation was found directly between any of the above
parameters and the nominal breakdown field. This contrasts the
conclusions of past work, e.g., [17]. However, this is primarily
believed to be the result of the low contact pressure used in
this work. The contact pressure exerted by the holder is much
lower compared to other studies (in the range of kPa rather
than MPa). Each interface was held together only through a
parallel spring arrangement which could easily be overcome
by pushing against the samples by hand. In accordance with
current theories, low mating pressure tends to increase the
size of the interfacial cavities, decreases the effective contact
area, and reduces the contact spot tracking resistance, hence
decreasing the breakdown strength [17].

Under these conditions, however, it is believed that a
different characteristic of the rough surfaces may be more
impactful in determining the interfacial breakdown strength.
As originally proposed in [34] and as appears in the analysis
of surface asperities conducted in [35], three parameters of
the equivalent surface can be used to characterize the surface
roughness of the interface: the asperity density, 7.4, the stan-
dard deviation of the surface asperity peak heights, o.,, and
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ratio, Req/Beq, for all tested interfaces. Marker symbol indicates po-
larity. Dashed black lines indicate the tendency for surfaces with higher
aspect ratio asperities to result in lower breakdown strength.

the mean radius of surface asperities, (3.,. The latter, B4, is
of interest here, which measures the average radius of surface
asperities at the solid interface. Following the work of [35],
Beq can be estimated from the equivalent surface parameters
given by equations (1), following:

_ ARZ, + SARZ,
s 16Req

The ratio between the mean motif height (R.,) and the mean
asperity radius (f8q) is hereby used as an indication of the
aspect ratio, R.q/Beq, Of the equivalent surface asperity. This
dimensionless ratio can be used as a measure of the ‘sharpness’
of the asperity, as it provides an indication of the width of
an asperity tip compared to its height. Figure 10 plots the
nominal breakdown strength for all material-polarity pairs
against R.,/f., , where a negative correlation was found for
both 2400 kV/us and 0.35 kV/us cases. Since a higher value of
Req/Beq corresponds to smaller and sharper asperity peaks, it
is believed that the higher aspect ratio of these surface features
increases the degree of local field enhancement at the interface.
Coupled with the low contact pressure and consequent low
tracking resistance, it may possibly play a significant role in
interfacial breakdown under the conditions studied here. This
is in contrast to studies conducted under high mating pressure,
wherein many more of these high-aspect ratio asperities may
be deformed and themselves become the interfacial contact
spots, acting to increase the overall interfacial breakdown
strength by means of increasing the tracking resistance.

The significantly lower breakdown strength of Ultem in-
terfaces is believed to be partially explained by the asperity
aspect ratio, which in general is higher for Ultem than the
other materials (Figure 6(a-b)). This is further evidenced by
the visual inspection of the Ultem surfaces, which show
faint diagonal serrations left behind by the cutting tool used
to treat the dielectric samples — contrasting that of all the
other materials where these serrations were not as evident.
Considering that all materials were cut using the same tool
and procedure, this suggested that there exist some mechanical

4)
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property of Ultem that determines the surface condition when
subjected to machining action, and as a consequence, tended
to leave sharper features on Ultem surfaces. One possibility
is the material brittleness: materials which are more brittle
would be far more likely to exhibit local brittle fracture during
machining from the impact of the cutting tool. Brittleness is
typically inferred from the stress-strain curve of a material,
the measurement of which was not performed in the present
work. However, the brittleness of a material is known to be
related to its impact strength, often measured using the Charpy
impact test (ISO 179 [36]) and reported in specification sheets.
The impact strength is typically provided as a single numerical
value with units kJ/m?, a measure of energy absorption during
fracture. Lower impact strength generally suggests that the
material is brittle rather than ductile. For the materials involved
here, PVC, Delrin, Torlon, and Perspex have reported Charpy
impact strengths between 10 kJ/m? and 14 kJ/m?; while
for Ultem, it is significantly lower at just 3.5 kJ/m?. This
would support the hypothesis that Ultem may be more brittle
than the other materials, leading to sharper surface asperities
after machining due to local brittle fracture, resulting in the
observed lowering of the interfacial breakdown strength. It is,
however, clear from Figure 10 that the asperity aspect ratio
is unlikely to be the only determinator of solid interfacial
breakdown. More detailed modeling work is planned to be
conducted to gain further understanding of other aspects that
may influence the impulsive interfacial breakdown strength.

V. CONCLUSIONS AND QUTLOOK

In the present work, the impulsive breakdown characteris-
tics of solid-solid interfaces (of matching materials) formed
between PVC, Delrin, Torlon, Perspex, and Ultem have been
investigated. Breakdown tests using a sphere-plane electrode
configuration were conducted in laboratory air under atmo-
spheric pressure using two different pulse generators, obtain-
ing results under two different dV/dt values of approximately
2400 kV/ps and 0.35 kV/us in the overstressed breakdown
regime. Analyses on the breakdown strength and time to
breakdown were performed using Weibull statistics, comple-
mented with roughness characterization data obtained from
the measurement of the pre-breakdown surface profiles of the
material samples. Inspection and categorization of the nature
of post-breakdown surface traces has also been conducted.
A summary of observations and conclusions that have arisen
from this work is provided below:

o Solid interfaces at low mating pressure acted to reduce
the impulsive breakdown strength of the system to lower
than that of just air in almost all cases. This is believed
to be a result of intra-cavity field enhancement at the in-
terface, combined with a significant reduction of tracking
resistance due to low contact force.

o Under these conditions, equivalent roughness and wavi-
ness parameters arising from the motif characterization
method (Req, Weq, AReq, AW,q) appeared to have no
correlation with the interfacial breakdown strength alone.
However, a negative correlation between the estimated
equivalent asperity aspect ratio, R.q/fB¢q , and the break-
down strength was observed over all tests.

o It is suggested that at low contact force, the asperity
radii have a stronger effect in determining interfacial
breakdown, since the surfaces are not compressed with
sufficient force to cause significant deformation of surface
asperities to form strong contact spots. As a result, the
field enhancement at the interface is determined by the
size and radius of the asperities — the higher the asperity
aspect ratio, the greater the degree of field enhancement,
and the lower the interfacial breakdown strength.

o This appears supported by the much-reduced interfacial
breakdown strength observed for Ultem interfaces. The
asperity aspect ratio of Ultem interfaces was among the
highest of all tested interfaces, suggesting the existence
of sharper and higher aspect ratio asperities at the contact.
The reason is believed to be linked to the brittleness
of Ultem compared to all other materials, which can
be inferred from its Charpy impact strength that is 3—4
times lower than other materials used in this work. Local
brittle fracture during machining is thought to explain the
sharper surface features.

o Inspection of post-breakdown traces left by the plasma
breakdown channels indicate that under 2400 kV/us
pulses, a single, central, breakdown channel was far more
likely to result after repeated breakdown events. In con-
trast, under 0.35 kV/us pulses, multiple different (longer)
discharge paths were taken, some of which originate from
the edges of the electrode rather than down the center
(i.e., critical path considering only the Laplacian field).

o It is believed that the additional time available during
0.35 kV/us pulses allows sufficient space charge transport
prior to breakdown that redistributes the field, explaning
the redirection of the breakdown path as the electric field
is distorted from its Laplacian state near the HV tip. As a
result, the mean width of the breakdown-affected region
for 0.35 kV/us impulses were on average about twice as
wide as those in the 2400 kV/us case.

The results presented in this work further emphasizes the
necessity to maintain mating pressure where solid interfaces
cannot be avoided, as its reduction may lead to the weakening
of the dielectric strength below that of only gas insulation,
risking catastrophic failure. They further indicate that under
conditions like those studied in this work, the roughness and
waviness parameters alone may play less of a role in the de-
termination of interfacial breakdown voltage, since discharges
can readily form and propagate with little to impede them.
The analyses conducted here also suggest (depending on how
materials are cut or treated) the possibility that material brit-
tleness plays a role in determining the aspect ratio of surface
asperities, which under low mating pressure, appears important
for interfacial breakdown. Given that in many applications,
no specific treatment will be used to attain specific surface
roughness conditions prior to mating, this work may provide
additional information for appropriate material selection for
the design of HV pulsed power insulating systems. The differ-
ences in the post-breakdown channel widths may be of critical
importance for compact pulsed system design, as the effective
width of the discharge region has been shown to be dependent
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on the pulse rise time and on the interface material. However,
several aspects identified from this work would benefit from
further study. These include:

Does dV/dt affect the critical distance, as is suggested
from the present results?

The effect of the inclusion of a solid interface on the
critical distance — does such a parameter even exist for
solid-solid interfacial breakdown?

Why does Delrin develop an abnormally wide post-
breakdown region under the 2400 kV/us case, behavior
which differs from all other materials?

More conclusive confirmation of the effects of material
brittleness, perhaps from more detailed analysis of the
freshly-cut surface morphologies and use of stress-strain
curves.

Impulsive breakdown under high contact pressure
(~MPa), and on the influence of dV/dt when surface
asperities are significantly deformed.

Expanded study to include more materials and different
values of dV/dt, e.g., shorter, sub-nanosecond, or longer,
millisecond rise-time regimes.
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