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Abstract

This study assesses the possibility of identifying non-through defects in dielectric coat-
ings, specifically interfacial defects located at the metal-coating boundary, by means of
high-voltage non-destructive testing. It is demonstrated that partial discharges causing
characteristic distortions of the applied test-voltage pulse can be used as a reliable diag-
nostic feature of such defects. Using an equivalent capacitive representation of a defective
coating, a relationship is established between the apparent charge and the geometry of
the air-filled gap. The proposed approach is supported by COMSOL simulations of the
electric-field distribution and by experiments performed on Plexiglas specimens contain-
ing blind holes of different depths. In addition, a method is developed for isolating the
partial-discharge signal based on a weighted sum of increments in the root-mean-square
deviations of the second derivative of the voltage waveform. The resulting relationships
enable estimation of the residual coating thickness in the defect region.

Keywords: holiday detection; coating defect; dielectric coatings; partial discharges;
interfacial defect at the metal-coating interface (interfacial defect)

1. Introduction

High-voltage testing is a high-throughput non-destructive technique for evaluating
the continuity of dielectric coatings on metal structures; it relies on generating a high-
intensity electric field in the inspection zone, which produces spark discharges at coating
holidays [1-3]. This approach allows coating defects that impair the insulating performance
to be revealed [4-6].

Currently, the high-voltage method is widely applied to detect through defects such
as pores and micropores, channels, cracks, and cavities [7-9]. In industrial protective
coatings, however, defects of a different nature can arise both during application and in
service—including blisters, coating—substrate delamination, foreign inclusions, interlayer
separation, and craters—which are not through defects [10-12]. With time, these imper-
fections may promote coating degradation, ultimately resulting in through defects and
shortening the service life of the protected component [13-15]. Such defects are frequently
encountered at joints between sheets of waterproofing materials in roofing systems, leading
to a gradual loss of coating performance. Meanwhile, conventional high-voltage testing
procedures [16-18] are unable to detect non-through defects because no continuous channel
exists in the coating to sustain a detectable spark discharge.
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A number of studies on high-voltage testing for assessing the continuity of dielectric
coatings focus on detecting through defects, for which a full spark discharge serves as the
informative feature. Partial discharges in gas cavities and at dielectric interfaces, as well as
the relationship between apparent charge and defect geometry, have also been investigated
separately. However, these findings have not been applied to the diagnosis of non-through
hidden defects—internal cavities and interfacial delamination at the metal-coating in-
terface. In practical procedures, partial discharges are typically treated as interference,
and estimation of the delamination height from distortions of the test-voltage pulse has
not been addressed. In addition, high-voltage approaches for thin-spot regions rely on
breakdown with the formation of a through channel, which requires subsequent coating
repair. This substantiates the need for a non-destructive approach that exploits partial
discharges and establishes a quantitative relationship between the measured parameters
and defect geometry.

2. Materials and Methods

Non-through coating defects can be classified into unacceptable thin spots, internal
inclusions [19,20], and interfacial defects [21-23]. Since the aim of this study is associated
with analyzing discharge processes in a defect at the metal—coating interface, only interfacial
defects are considered below.

Interfacial defects are formed when the coating delaminates from the metal substrate
and are characterized by the delamination height d; from the substrate (Figure 1).

S
!

Figure 1. Interfacial defect model.

In [24,25], a method for detecting non-through defects using high voltage is described;
it involves dielectric breakdown of the coating. As a result, a through defect (an air channel)
is formed in the coating, which must subsequently be repaired.

It is well known that the formation of a spark discharge in a gas or a solid dielectric is
preceded by a partial-discharge stage [26,27]. It also follows from [28-30] that, when a test
voltage is applied to the inspected coating, partial discharges may occur within the defects
described above. At the same time, these partial discharges do not lead to degradation of
the coating itself. Thus, partial discharges that cause a change in the waveform of the test-
voltage pulse—traditionally regarded as an interfering factor in high-voltage testing—can
serve as an informative parameter, making it possible to infer the presence of interfacial
defects in the coating and to estimate their geometric parameters (Figure 2).

Information on the presence of defects within the coating can be obtained either from
the signal of the current-measuring element or from the characteristic change in the shape
of the test-voltage pulse. However, analysis of the signal across the current-measuring
shunt (Figure 3) shows that partial discharges also occur in near-surface regions of the
coating, which significantly increases noise in the useful signal. Therefore, it is expedient to
analyze the waveform of the test-voltage pulse.
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Figure 2. Test-voltage pulse waveforms: (a) pulse recorded on a defect-free coating area; (b) pulse
recorded when a partial discharge occurs; (c) pulse recorded when a full discharge occurs on a coating
area with a through defect.
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Figure 3. Test-voltage pulse of the high-voltage flaw detector with an amplitude of 17.5 kV (black)
and the signal across the current-measuring shunt of the high-voltage flaw detector (red) during the
occurrence of partial discharges.

In the present study, the applied voltage consisted of repetitive unipolar high-voltage
pulses with a repetition rate of 50 Hz rather than sinusoidal AC voltage; therefore, conven-
tional PRPD analysis was not applicable. The proposed method is based on time-domain
analysis of pulse distortion caused by PD activity. The observed PD pulses were very short,
with a characteristic frequency range of approximately 100-150 MHz.
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At the same time, not every partial discharge causes a change in the charge of the
electrode—coating—conductive substrate system that is sufficient to extract the partial-
discharge-related signal of a non-through defect against the noise background in practical
onboard implementations using embedded analog-to-digital conversion. For a quantitative
description of partial discharges, a parameter known as the apparent charge is used—the
charge whose instantaneous injection between the electrodes of the test object installed
in the test circuit would produce the same indication on the measuring instrument as the
partial-discharge pulse itself [31,32]. To model the occurrence of a partial discharge in an
interfacial defect (coating delamination) filled with air, the equivalent circuit shown in
Figure 4 can be employed. Modeling of gas discharges is described in [33-35].

Figure 4. Equivalent circuit of a coating with an interfacial defect on a conductive substrate.

In Figure 4, U is the instantaneous applied voltage between the coating and the
substrate during the high-voltage pulse; U; and U, are the voltage drops across the
dielectric region at the defect location and across the air gap, respectively; C, and C; are
the capacitances of the dielectric at the defect location and of the air gap, respectively. The
equivalent circuit is used here as a simplified quasi-static representation of the defect region
during a single pulse in order to estimate the voltage distribution and the apparent charge
associated with partial discharge inception.

In addition to C; and C», the real electrode—coating—substrate system also includes a
background capacitance between the high-voltage electrode and the conductive substrate
through the intact coating and parasitic couplings. In the present work, this capacitance
was omitted from the initial equivalent circuit only for simplicity, since the purpose of
the model was to describe the local defect branch and the voltage division between the
air gap and the dielectric layer at the defect location. In a more complete representation,
this capacitance can be introduced as a parallel background capacitance of the electrode—
coating—substrate system.

The apparent charge q of a system with an interfacial defect is calculated as follows. A
fraction of the total voltage U is applied across the air gap with capacitance C;. The voltage
divides in inverse proportion to the capacitances.

G

Uy = U —2
! Ci+GC

1)

When the breakdown voltage Uy, is reached in the air cavity, a partial discharge occurs.
At the instant of breakdown, the charge accumulated on the “plates” of the capacitor formed
by the walls of the air gap (cavity) is neutralized. This discharge causes a redistribution of
charge in the external circuit, which is recorded by the instrument as a pulse. The measured
charge is equal to the apparent charge.
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For capacitors C; and C; connected in series and supplied by a voltage source U,
when breakdown occurs in C; (short-circuit model), the apparent charge g is calculated
as follows:

()

where U is the change in voltage across capacitor C; during the discharge.

At the instant of breakdown, U drops from Uy, to nearly 0. Therefore, Uy ~ Up,.

The short-circuit representation of the air gap used here is a simplified first-order
approximation. In a more general case, the voltage across the cavity after partial discharge
does not necessarily drop to zero, and a residual voltage may remain after discharge. In
this case, the apparent charge is lower than that predicted by the idealized model; however,
the monotonic increase in apparent charge with delamination height is preserved.

For a cavity of height d; =2 mm:

Upg = Eq-dy = 6000 V.

Here, E; = 3 kV/mm is used only as an effective first-order estimate of the air break-
down field in the simplified analytical model. In reality, the electric field inside an interfacial
cavity is non-uniform and depends on the defect geometry and the permittivity of the
surrounding dielectric. Therefore, the obtained analytical relationship should be inter-
preted as an approximate engineering estimate of the trend between apparent charge
and delamination height rather than as an exact universal breakdown criterion. A more
rigorous quantitative description would require a geometry-dependent correction or a
local-field-based breakdown condition.

Therefore, if d; = 0.001 m is assumed, then:

GGy

———— =10.21
Ci+C 0 uc

q=U-
Figure 5 shows the dependence of the apparent charge g on the cavity height d;.
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Figure 5. Dependence of the apparent charge g on the cavity height d;.

However, as noted above, not every partial discharge can produce a change in the
test-voltage pulse waveform at the electrode that is sufficient to be distinguished against
the noise background. Figure 6 shows the electrode pulse waveform and the signal across
the current-measuring shunt for two partial discharges as follows: in one case, the event
can be reliably identified from the change in the test-voltage pulse waveform (a), whereas
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in the other case it cannot (b). Figure 6 presents experimentally recorded oscillograms
during partial-discharge events rather than the geometry of the coating defect itself. In the
present work, spectral analysis was not performed, since the proposed method is based
on time-domain detection of test-voltage pulse distortion. For each specific instrument
implementation (i.e., for a given analog-to-digital converter), it is possible to determine
the apparent-charge magnitude (which depends on the defect size) at which the effect of a
partial discharge becomes discernible in the oscillogram of the test-voltage pulse.
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Figure 6. Oscillograms of the spark-discharge defect detector test-voltage pulse (17.5 kV amplitude,
black) and the signal across the current measuring shunt during partial discharges (red): (a) pulse with
a reliably detectable partial-discharge-induced distortion; (b) pulse with a partial-discharge-induced
distortion that is not reliably detectable.

The calculations indicate that partial discharges associated with larger d; in Figure 1
are due to a higher electric charge on the boundaries of the air cavity; this, in turn, in-
creases the partial-discharge power, making the corresponding signals easier to distinguish
against external noise. This is corroborated by numerical simulations of the electric-field
distribution in COMSOL Multiphysics 6.1 (Figure 7) for various coating types and thick-
nesses, including a 3 mm thick coating with an artificial cylindrical flat-bottom defect (air
cavity). The test voltage used in the simulations was 10 kV. As the dielectric material,
PMMA (Plexiglas) with a relative permittivity of ¢ = 3 was selected from the COMSOL
material library.

[ Anode (electrode/
PMAA [ =) 0 \
S
l

I
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i 220 a4 A (athode (substrate)
~ 4' /
7

Figure 7. Model of an artificial defect in a dielectric coating used for simulating the electric-field
strength distribution.
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The simulation results (distribution of the electric-field strength E along the axis of the
artificial defect) are shown in Figure 8.
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Figure 8. Distribution of the electric-field strength along the defect axis: constant dielectric thickness
and variable air gap.

Figure 8 shows that, as the air gap d; increases, the maximum electric-field strength E
in the gap also increases, which corresponds to a decrease in the effective dielectric strength
of the defect region. Although this trend is physically expected, in the present work it has
a specific diagnostic implication as follows: larger interfacial defects are more prone to
partial-discharge inception under pulsed high-voltage testing and are therefore more likely
to produce a detectable distortion of the test-voltage pulse.

The role of the simulations is to show how the local electric-field enhancement changes
with defect geometry, whereas the analytical estimate with a constant effective air strength
is used only to obtain a first-order relationship between apparent charge and defect height.
The final quantitative interpretation should therefore be supported by calibration for the
specific coating material and defect geometry.

In the present study, PMMA (Plexiglas, ¢ ~ 3) was used as a model dielectric material
in both the simulations and the experiments. The dielectric permittivity of the coating
affects the capacitance ratio between the dielectric layer and the air gap and therefore influ-
ences the voltage distribution in the defect region, the local electric-field strength, and the
partial-discharge inception voltage. For this reason, the approximately linear relationship
between inception voltage and defect depth obtained for the Plexiglas specimens should
be regarded as material-specific and should not be directly generalized to coatings with
higher permittivity without recalibration.

The equivalent circuit used in the present work is a simplified first-order model
intended to analyze the influence of the air-gap height for a fixed defect geometry. In
reality, the lateral size of the delamination also affects the electric-field distribution because
of fringing fields at the cavity edge and can therefore influence the apparent charge and
the distortion of the test-voltage pulse. In the present study, the cavity diameter of the
artificial defects was kept constant, while only the defect depth was varied; therefore, the
reported relationships should be interpreted as valid for the investigated geometry and
require recalibration for other cavity diameters.

To verify the model described above, a series of experiments were carried out in
which the variation in the partial-discharge inception voltage for interfacial defects and
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the possibility of extracting the partial-discharge pulse from the test-voltage pulse were
analyzed. An experimental model of an interfacial defect and coating specimens with
artificial defects, similar to those considered in the electric-field simulations for an interfacial
defect, are shown in Figure 9. The results below correspond to experiments in which the
specimens were made of Plexiglas; the spacing between adjacent blind holes was 80 mm in
order to eliminate their mutual influence during the experiments. Two 5 mm thick plates
were fabricated, each containing four blind holes of variable depth—from 1 to 4.5 mm in
0.5 mm increments.

(a) (b)

Figure 9. Experimental model of an interfacial defect (a); coating specimen with artificial interfacial
defects of variable thickness (b).

Experimental measurements were performed using the Corona 40 Holiday Detector
(NDT1 KRAFT s.r.0., Prague, Czech Republic). Signal recording was carried out with an
MS05204 oscilloscope (RIGOL Technologies Co., Ltd., Suzhou, China) with a bandwidth
of 200 MHz. The following two signals were monitored during the experiments: the test-
voltage pulse waveform and the signal across the current-measuring shunt. A dedicated
conventional PD measuring instrument was not used in this study, since the proposed
method is based on the analysis of pulse-waveform distortion caused by partial discharges
in the defect region.

The oscillograms and quantitative waveform analysis presented in this paper were
obtained using an MSO5204 oscilloscope. In the practical onboard implementation of
the method in the Corona 40 Holiday Detector, signal processing is performed using the
embedded 12-bit ADC of an STM32L4P5 microcontroller (STMicroelectronics, Geneva,
Switzerland). Therefore, the detectability threshold of partial-discharge-induced pulse
distortion depends on the specific electronic implementation of the instrument.

Oscillograms of the test-voltage pulse (Figure 10) were recorded using the oscillo-
scope trigger when the voltage exceeded a specified threshold (6.8 V, 72V, 11 V, and
15V, respectively).

The presented data demonstrate an approximately linear dependence of the partial-
discharge inception voltage U,; on the blind-hole depth d;. The scatter of the experimental
points is in good agreement with the fitted straight line and remains within a 1.5% error,
indicating a stable relationship. This means that, for a given total thickness of the system,
the decisive factor governing the onset of partial discharges is an increase in the fraction
of the air gap di—as d; increases, the effective dielectric strength of a coating containing
an internal defect decreases, and discharges are initiated at a lower voltage U,. The
experimental values of the partial-discharge inception voltage as a function of blind-hole
depth are summarized in Table 1.
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Figure 10. Test-voltage pulse showing the effect of a partial discharge as a distortion (“sag”) (a);

dependence of the partial-discharge inception voltage U, on the depth d; of the blind hole (b).

Table 1. Partial-discharge inception voltage as a function of blind-hole depth.

dy, mm u,,, kv

1 32.8
1.5 31.2

2 30.8
25 30

3 29.6
35 28.7

4 27
4.5 26.3

As shown in Table 1 and Figure 10, the partial-discharge inception voltage decreases
approximately linearly with increasing blind-hole depth within the investigated range.

The presented data demonstrate an approximately linear dependence of the partial-
discharge inception voltage on the blind-hole depth d; within the investigated range. No
experimental specimens with sub-millimeter defect heights were available in the present
study; therefore, the observed relationship should not be extrapolated below 1 mm without
additional experimental verification.

Thus, when developing an algorithm for detecting the partial-discharge signal during
a ramp-up of the test voltage, information can be obtained on the presence of an interfacial
defect in the coating and on the magnitude of d;.

The authors propose an algorithm for detecting the partial-discharge signal associated
with an internal defect, based on a weighted sum of increments in the root-mean-square
(RMS) deviations [36,37].

Before calculating the second derivative of the test-voltage pulse, the recorded wave-
form was smoothed using a simple moving-average procedure over several neighboring
time points in order to reduce random point-to-point noise. The averaging window was
chosen empirically as the minimum smoothing required to suppress noise while preserving
the characteristic pulse distortion caused by partial discharges.
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To quantify deviations of the signal shape from the nominal waveform, it is expedient
to use the second derivative of the test-voltage pulse:

n. __ n. 2
o \/Z(U — (U),) .

n—1

where o; is the RMS deviation of the array element i; n is the number of points in the interval
under consideration; U"; is the second derivative at the array element i; and (U";),, is the
mean value of U”;.

To determine the degree of deviation from the mean value of the second derivative of
the test voltage at a given time instant, the following quantities were considered [38,39]:

CiLEFT = |0Li — 0Li-1| (4)

OiRIGHT = |OR;i — ORi+1] ()

o;.err and o;r;gHT are the standard deviations for the measurement i over the time
intervals t € [0,i] and t € [i, T], respectively, where T is the measurement duration of the
test-voltage pulse consisting of (n — 1) points. oy ppr views the contribution of the current
measurement relative to the preceding test-voltage values and represents the evolution of
the time series, whereas o;g;gyT characterizes the influence of the current measurement on
the formation of subsequent test-voltage values.

To identify influential points across the entire signal, a pointwise weighted sum of the
standard-deviation increments is calculated as follows:

t: T—t¢;
Wi = Tlo-iLEFT t—7 L OiRIGHT (6)

where tT’ and T;t" are weighting coefficients used to scale the obtained values.

Using an experimental example (measurements) with test-voltage pulses of 20 kV
amplitude and a capacitance of 10 pF for the electrode—coating-conductive substrate system,
it can be observed that full-discharge pulses are reliably identified by all the presented
parameters. Next, the maximum of the array W; is determined; its value can be used to
assign the pulse to one of the classes (Figure 11). For partial-discharge identification, it is
advisable to satisfy at least two classification features, since the parameters of test-voltage
pulses and those of pulses containing partial discharges have a narrow separation margin.

Full-discharge pulses exhibit a distinct localization of the classification parameters that
does not overlap with the other pulse types. The classification parameters of test-voltage
pulses and pulses containing partial discharges are closely spaced; therefore, it is advisable
to analyze all the above parameters and determine the pulse type based on the combined
measurement outcome—i.e., at least two parameters must fall outside the bounds of their
respective class.

The values of the classification parameters depend on the test-voltage pulse ampli-
tude and on the capacitance of the electrode—coating—conductive substrate system. These
quantities are interrelated, which makes it possible to calibrate high-voltage flaw detec-
tors using standard specimens and to calculate threshold parameter values for specific
inspection conditions.
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Figure 11. Distribution of classification parameters for test voltage pulses with an amplitude of 20 kV:
(a) weighted sum of standard-deviation increments; (b) parameter dU/dt;; (c) parameter dU/dt;.

3. Results

Experimental validation on Plexiglas specimens with artificial interfacial defects con-
firmed the trends predicted by the model. Two 5 mm thick plates containing blind holes of
variable depth from 1 to 4.5 mm in 0.5 mm increments were tested, with 80 mm spacing
between adjacent defects. The measured values of partial-discharge inception voltage as a
function of blind-hole depth are summarized in Table 1, and the corresponding dependence
is shown in Figure 10b. The recorded oscillograms demonstrated that partial discharges
produce a characteristic distortion (“sag”) of the test-voltage pulse. The partial-discharge
inception voltage exhibited an approximately linear dependence on defect depth d1, while
the scatter of the experimental points remained within 1.5%, confirming the stability of the
observed relationship.

Theoretical considerations, numerical simulations, and experimental results consis-
tently show that non-through interfacial defects in dielectric coatings can be detected under
pulsed high-voltage testing by using partial discharges as an informative feature. The
simulations indicate that an increase in the air-gap height leads to an increase in the local
electric-field strength in the defect region, which reduces the effective dielectric strength of
the defect and promotes earlier partial-discharge inception. This conclusion is in agreement
with the experimental results.
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For the investigated model system, interfacial defects can be identified and the de-
lamination height d; in the defect region can be estimated within the range 1-4 mm after
calibration for the specific inspection conditions. The reported dependence should be
interpreted as valid for the investigated material and defect geometry. For other coat-
ing materials, dielectric permittivities, or lateral defect dimensions, additional calibration
and/or dedicated numerical simulation is required. For smaller defect heights, the detec-
tion limit was not established in the present work and may depend on the apparent-charge
magnitude, signal-to-noise ratio, and specific hardware/software implementation.

The spatial resolution of the proposed approach is governed by the signal-to-noise
ratio of the electrode-voltage and shunt-measurement channels, as well as by the specific
hardware and software implementation of the instrument. In the present work, no experi-
mental specimens with sub-millimeter defect heights were available; therefore, the observed
relationship should not be extrapolated below 1 mm without additional verification.

Processing the parameters of the test-voltage pulse and the voltage across the current-
measuring element yields a set of two-dimensional data arrays for a classifier, which can be
implemented using machine-learning methods.

4. Conclusions

The feasibility of detecting non-through interfacial defects at the metal-coating inter-
face by pulsed high-voltage testing has been demonstrated. Partial discharges arising in
the defect region were shown to produce a characteristic distortion of the test-voltage pulse
that can be used as an informative diagnostic feature.

The simplified equivalent-capacitive model, supported by numerical simulation and
experimental validation, showed that defect geometry affects the local electric-field strength,
the partial-discharge inception conditions, and the resulting pulse distortion. The exper-
iments on Plexiglas specimens with artificial defects confirmed an approximately linear
dependence of the partial-discharge inception voltage on defect depth within the investi-
gated range.

For the investigated model system, the delamination height in the defect region can be
estimated within the range 1-4 mm after calibration for the specific inspection conditions.
The obtained quantitative relationships are material- and geometry-specific and require
recalibration for other coating systems.

The proposed pulse-shape-based signal-processing approach provides a basis for
further development of practical onboard diagnostic algorithms for high-voltage testing of
dielectric coatings.
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