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Abstract

Interfaces play a major role on charge injection in dielectrics under high voltage. As a consequence,
space charge distribution measurements under high voltage may depend on the chosen interface con-
ditions during the tests. In this paper, it is shown that various mountings of an insulating poly-
mer (polyethylene) in a space charge distribution measurement setup develop very different intrinsic
dipoles at the interfaces generating in turn an interface voltage that may interact with energy levels be-
tween the electrode and the insulator and thus with injection laws. These dipoles are minimal when the
insulating polymer has hot-pressed carbon-loaded polymer electrodes or is coupled with silicone oil to
carbon-loaded EVA electrodes. On the contrary aluminum coating or direct contact with aluminum in
presence of silicone oil for the coupling generates large dipoles compared to gel coupling or with gold
coating. The measurements were carried out with an ultra sensible pressure-wave-propagation mea-
surement setup under very low electric field (30 V/mm at most) for calibration purpose. Aluminum
and stainless steel was used for the setup wave-guide in order to check its influence. Interface voltage

up to 5 V could be estimated with an uncoated sample in contact with aluminum through silicone oil.

Keywords: space charge; interface dipole; contact potential; interface voltage; conductor/insulator in-
terface; polymer; pressure-wave-propagation (PWP) method

Social Media Abstract: Bad choice of testing conditions may ruin insulation analysis of high voltage
cables

1 Introduction

Charges that accumulate in insulating materials under high voltage, originate either from the insulator
itself by molecular dissociation and migration, or from charge injection through the interfaces with
adjacent materials, electrodes holding the voltage most of the time [1, 2]. As injection adds charges to
the material, the charge content and buildup may reach levels well above the material withstanding.
This can lead to dramatic effects such as voltage breakdown and even to the failure of the system in
which the material is used. The study of charge effects in insulating materials, specially the interface
effects, is therefore of particular interest.



In the conventional view of the situation [3], a charge exchange between two materials is triggered when
they are brought into contact in order to reach energy equilibrium on both sides. As a consequence, a
voltage appears across the interface, known as the contact potential, often associated with the difference
of the energy levels (work functions) of both materials divided by the electronic charge [3, 4]. However,
the interface is a break-up of the material bulk structure introducing modifications in the energy levels
known as interface states that impact the contact potential [4]. This is something well studied in the
case of metal/semi-conductor interfaces thanks to measurement methods relying on current-voltage
characterization [4, 5]. Unfortunately, these methods cannot be used in the case of metal/insulator
interfaces because there is no mobile carrier in the insulator for acting as a virtual electrode and therefore
only charge barycenter could be obtained [6]. In the case of polymers, the situation is even more complex
since the material structure is not totally crystalline. For instance, charge distributions in low density
polyethylene (LDPE) with different electrode materials show that other processes should be considered
in addition to work function and interface states . These other processes, such as polarization or the
presence of residues or impurities, indeed disturb the local electric field [7, 8].

Various well known models are used to describe charge injection which depends on the actual energy
barrier at the interface, and thus on the contact potential [9]. There is the Schottky effect where charges
pass over the energy barrier [10], the Fowler-Nordheim effect where charges tunnel through the barrier
[11], or the trap-assisted-tunneling effect where charges tunnel through the barrier to or from a trap in
the insulator [12, 13]. In all cases, the energy barrier, which depends on the contact potential, is altered
by the applied voltage; either lowered and /or made thinner. Therefore, current-voltage measurements
can be informative though sensitive to all the interfaces encountered in the current loop during the

measurements.

Until now, the effects at conductor/insulator interfaces were studied indirectly, by fitting current-voltage
measurements on models [2] or by simulations [14, 15]. Extracting parameters from a model implies con-
trolling perfectly all testing conditions, which is far from being the case when couplings or additional
electrodes are necessary to perform the measurements. Indeed, all these additional layers modify the
local electric field at the interface, thus deform energy levels between the electrode and the insulator,
and therefore may interact with the rate charges can cross the interface [7, 8]. It is therefore of great
interest to directly detect and quantify the effect of contact conditions in order to take them into ac-
count in the analysis. There were attempts to study interface effects by using space charge distribution
measurements [16, 17] with the advantage of spatially separating the effects taking place at the differ-
ent interfaces of the sample under test. However, the sensibility was too small to directly observe the
voltage across the interface between materials. Recently, the pressure-wave-propagation (PWP) method
[18, 19] has greatly improved its sensibility making it possible to observe directly the contact potential at
interfaces under ultra low or zero electric field application [20, 21, 22]. The gain in sensibility of the PWP
setup was made possible by an optimization of the pressure wave generator presented in Reference [23]
and by using averaging. Electric fields as small as 1 V/mm on a 1-mm thick sample can be detected,
which is about 100 times better than conventional setups.

In this paper, space charge distribution measurements at very low voltage were carried out to study
the influence of different sample mountings. For that purpose, low density polyethylene (LDPE) with
antioxidant was tested with various ways of mounting. It includes carbon-loaded-polymer electrodes
(semicon) either hot-pressed or directly coupled by silicone oil or gel, or through vacuum deposited
electrodes (aluminum or gold). In the following section, samples, measurement setup and measure-
ment protocol are presented. The calibration technique and how the information is obtained are also



described. In the last section before conclusion, measurements are shown, analyzed and discussed.

2 Samples, set-up and protocol

2.1 Samples

Samples were taken from the same high voltage low-density-polyethylene specimen (see Figure 1). The
high voltage specimen contains antioxidant and is 20-cm diameter and 1-mm thick and has two 5-cm-
diameter 0.5-mm thick carbon-loaded polyethylene hot-pressed on both sides. Because the study is
under low voltage, the high voltage specimen was cut into various 3-cm-diameter samples. This ensures
that the insulating polymer samples studied in this paper have very similar chemical composition since
they have been extracted from the same specimen and thus have been made at the same time in the
same conditions. Nine samples were cut out from the high voltage specimen, one in the center having
then two hot-pressed carbon-loaded polyethylene electrodes on both sides, and height in the periphery
being then free of electrodes. From these 8 latter samples, two have been coated under vacuum with
aluminum electrodes on both sides, two have been coated under vacuum with gold electrodes on both
sides, and the last four remained uncoated, thus without electrodes. In addition, carbon-loaded Ethylene
Vinyl Acetate (EVA) electrodes, 1 mm in thickness, were coupled either with silicone oil or gel (Sofranel
gel D) to all samples except the one having hot pressed electrodes. It was then possible to test 7 sample
mountings with two different couplings.

2.2 Measurement set-up

The pressure-wave-propagation (PWP) method [24] is a well suited space charge distribution measure-
ment method for studying interfaces. Compared to the other measurement methods [18], it does not
induce intrinsic signals at the interfaces that mask the effect of interest such as in the case of the pulsed
electro-acoustic (PEA) method. Moreover, it allows the various interfaces of the sample to be well dis-
tinguished thanks to elastic wave propagation instead of heat diffusion as in thermal methods. The
principle of the PWP method is illustrated in Figure 2. A pressure pulse is transmitted to the sample to
test. During the propagation, the charges encountered are displaced resulting in an electric current in
the circuit connecting the electrodes of the sample. Because the pressure pulse propagates at the velocity
of sound, the current generated at a given time corresponds to the charge displaced at the position of the
pressure pulse at that time. As a consequence, the current profile is an image of the charge distribution
inside the sample and the charge position can be deduced by the time at which the signal appeared
multiplied by the velocity of sound.

In the case of the present work, the pressure pulses were generated by a piezoelectric generator [21]
made of a 15-mm-diameter 0.2-mm-thick Pz24 piezoelectric ceramic from Meggitt stuck by epoxy resin
with a 3-cm-long brass backing on one side and a 2-cm-long aluminum wave-guide on the other side. As
this structure has a derivative response [23], 380-V voltage steps were applied every 20 ms, generating
one pressure pulse every 20 ms. The sample, acoustically coupled to the wave-guide on one side and
pressed by 0.5 bar with a brass counter electrode on the other side, could be stressed by a voltage through
a 5-kQ) resistor. The generated signal was decoupled from the stress voltage by a 880 nF capacitor
and then amplified by a 66-dB HCA-10M-100K FEMTO amplifier. The signal was finally acquired and
averaged by a MS5044 Tektronix scope. A picture of the setup is shown in Figure 3.



Although less efficient, a stainless steel wave-guide was also used to evaluate the possible interactions
between the aluminum wave-guide and the couplings and their influence in the signal. With 7 sample
mountings, 2 different couplings and 2 different wave-guides, there were finally 28 different situations
evaluated.

2.3 Measurement protocol

Prior to any measurements, the samples were cured at 80°C under short-circuit for 7 days in order to
relax the residual charges that could have been present or injected for instance by triboelectricity during
the cutting, the cleaning or the coating. When the samples were mounted in the measurement setup,
a first measurement was carried out under short-circuit, then under positive voltages up to +30 V,
under short-circuit again, under negative voltage down to —30 V, and finally under short-circuit. All
measurements were averaged 1024 times. The flowchart in Figure 4 illustrates the sample preparation
(in blue) and measurement protocol (in green).

2.4 Calibration and analysis technique

The expression of the signal i(t) in short-circuit measurement conditions for a planar sample is [25]

i(f) = —Cy ./‘(1 —a/e) E(x) as(a’;'t) dx, (1)

where Cj is the capacitance at rest of the sample, a its electrostrictive coefficient and e its permittivity.
In this expression, x is the position in depth, t is time, E(x) is the electric field distribution and S(x, t) is
the strain wave. As the insulating polymer can be considered uniform in the scope of this study, 2 and
€ can get out of the integral. In addition, the strain being the derivative over space of the local material
displacement, one has 0S/dt = 0V /dx, where V(x, t) is the particle velocity, in other words the speed at
which matter is locally displaced due to the pressure wave. It is worth noting that pressure and particle
velocity are proportional together and the coefficient of proportionality is the acoustic impedance [26].
Therefore, the shape of the particle velocity is the same as the one of the pressure pulse.Using Gauss-
Maxwell equation to make charge density p(x) appear and after an integration by parts, it comes

i(t) = x /'p(x) V(x, ) dx, @)

where k = A (1 —a/e)/d, Ais the sample area and d its thickness. Expression (2) explicitly shows that
the measured current i(t) originates from the charges that are displaced at particle velocity V. Providing
a sample free of internal charges and since charges are not expected to buildup in the sample under very
low electric field, at most 30 V/mm in the present study, it can be assumed that charges are present only
at the interfaces on very small extent compared to the pressure pulse extent. As a consequence, for a
charge density p(x) = oé(x — x() confined at the interface x = x(, with §(x) the Dirac function, one
obtains from (2) the signal

ig(t) =xoV(x = xo,t) 3)

which is proportional to the surface charge density o at x = x and to the particle velocity V(x = x, t)
at that interface. This situation is illustrated in Figure 5a. Induced charges due to the voltage application
generate such signal peaks. For an applied voltage V;p,, one would obtain the calibration signal i.4(f)



at the first interface (xo = 0 which is ground electrode)

Va
icq(t) = —xe % V(x=0,t) 4)

with d the sample thickness.

In presence of a surface dipole density 7 = o6l at x = xg, the signal is the superposition of a signal
generated first by the negative charge —o of the dipole and second by the positive charge +o of the
dipole. The delay between these two signals is 6¢/vs, where v is the speed of sound, hence the overall

current is
. . ol , o Qig(t) ol
in(t) = —lo(t+ 205) ot 205) - ot s
N oV(x =xp,t) o0  xm dV(x = xo,t)
~ KO 5 = o 5 , ®)

This signal has a bipolar shape and is proportional to the surface dipole density 7. This is illustrated in
Figure 5b.

The integral over time of i, (t) is proportional to the particle velocity at the interface and can be directly

compared to the calibration signal i.,(t). As a consequence

[inydt = ST = o) = 0Ty (1 (6)

Vs Vs Vﬂpp €

so the (algebraic) peak amplitude of the integral over time of i, (t) divided by the (algebraic) peak
amplitude of i.,(f) gives a constant from which the dipole surface density 7 and thus the interface
voltage or contact potential 77/€ can be determined by:

7t 0s Vapp peak ( [ ir(t)dt) 7)
€ d peak (ical(t)) ’

where peak(s(t)) denotes the algebraic peak amplitude of the signal s(t). Itis worth noting that vs V;,, /d
corresponds to the ratio of the applied voltage during calibration with transit time of the pressure pulse
through the sample. The transit time can be directly obtained from the calibration measurement since
it exhibits two peaks, a first one due to the charges on the electrode at the first interface and a second
one due to the charges on the electrode at the second interface. The delay between these two peaks is
therefore the time for the pressure pulse to travel through the sample, thus the transit time by definition.
This factor is therefore easy to extract from measurements without introducing other source of errors. It
is also worth noting that peak amplitudes can be confidently used as long as attenuation and dispersion
are negligible or if peaks are taken at the same position. Otherwise, the peak surface should be taken
instead in order to get rid of this uncertainty.

3 Results and discussion

3.1 Detailed analysis of a typical signal

Figure 6 presents three typical raw signals for the hot-pressed sample coupled with gel to the aluminum
wave-guide, one under short-circuit (green curve), one with back electrode held to +30 V (red curve)



and the last with back electrode held to —30V (blue curve). The acquired raw signals appear in millivolts
which correspond to the measured current i(t) multiplied by the gain of the amplifier and its 50-Q-input
impedance (see Figure 2). As the ratio in (7) cancels these coefficients, the acquired signals are shown
in their raw units, thus millivolts. The front electrode is always connected to ground through the wave-
guide. All signals show a bipolar peak when the pressure arrives at the interface between the aluminum
wave-guide and the front electrode. This corresponds to the dipole induced by the coupling gel that may
have reacted with the aluminum of the wave-guide [27]. This bipolar peak, which begins at 3.13 ys since
the wave-guide is 20-mm thick, can be modeled by (5). Then an unipolar peak, negative under +30 V
and positive under —30V, is generated at 3.37 s when the pressure arrives at the interface between the
front electrode and the insulating polymer. This corresponds to the charges, negative under +30 V and
positive under —30 V, induced by the applied voltage on the ground electrode and can be modeled by
(3). Finally an unipolar peak, positive under +30 V and negative under —30 V, is generated at 3.80 us
when the pressure reaches the interface between the insulating polymer and the back electrode. This
corresponds to the charges, positive under +30 V and negative under —30 V, induced by the applied
voltage on the back electrode and can also be modeled by (3).

A combined signal depending only on the applied voltage can be easily calculated for instance from
half the difference of the signal under 4+-30 V and the one under —30 V. This signal combination is used
thereafter as the calibration signal which is necessary to obtain the required information for the interface
voltage estimation (see signal processing part in red in Figure 4). In a similar way, a combined signal
independent of the applied voltage can be calculated for instance from half the sum of the signal under
+30 V and the one under —30 V. This latter combination should correspond to the signal under short-
circuit which is useful for a double check of experimental results. These combined signals are shown in
Figure 7a and their integration over time in Figure 7b. Because noise is present in the measurements,
calculated interface voltage are given thereafter within an interval of confidence (= sign) corresponding
to the standard deviation of the estimation. From (7), one obtains a voltage at the wave-guide interface
of —879 £104 mV and —825 4 98 mV when taking peak surface instead of peak amplitude. A negative
voltage means that wave-guide is positively charged compared to carbon loaded electrode. These re-
sults are similar considering their interval of confidence, which means that attenuation and dispersion
through the carbon loaded electrode have little influence in this example. Peak surface is used thereafter
to get rid of slight differences in peak shape. As there is no detectable signal at the interfaces of the insu-
lating polymer under short-circuit, the voltage at these interfaces can be estimated lower than 100 mV

which corresponds more or less to the limit of detection.

Notice that integration over time of the voltage dependent combined signal does not go back to zero at
the back side, i.e. Ay # 0 (see blue curve in Figure 7b). In fact, hot-pressed electrodes do not perfectly
mechanically match the insulating polymer. The pressure wave reflection at the back side of the insula-
tor then lowers the peak. If the sample is assumed symmetrical, this brings information on the matching
at the interface between the front electrode and the insulator. Figure 8 describes the effects of partial re-
flections at each interface. The ratio of the levels of the integrated signal after (A;) and before (A1) the
back electrode peak gives directly the refection coefficient I'; of the pressure at the back interface, here
I'n = Ay/A; = 0.12. The signal at the back interface is therefore 1 — I'; = 0.88 folds the one at the
front interface of the insulator. Hence, due to the assumed sample symmetry which leads to I'y = —1I,
the signal at front interface is itself 1 + I'; = 1.12 folds the one at the interface between the wave-guide
and the front electrode. As a consequence, the former results for the voltage at the wave-guide interface
should be divided by 1.12 leading to —738 &= 88 mV.



3.2 Other results

Compared to aqueous gel, silicone oil increases the intrinsic voltage at the wave-guide interface up to
—3010 £117mV and an induced dipole of —17 +1mV/V superimposes. The induced dipole and the ap-
plied electric field are in the same direction (from back electrode to front electrode). This is conventional
for oil polarization in electric field and is certainly due to a non-perfect electrical contact between carbon
loaded polyethylene and aluminum wave-guide. When a stainless steel wave-guide is used, the voltage
at the wave-guide interface drastically reduces to —458 4+ 307 mV and —487 &= 157 mV respectively for
gel and oil and there is no longer induced dipole detected. It can thus be assumed that aluminum of the
wave-guide has a great influence on the interface voltage, probably due to chemical reactions [27] with
the coupling media with a much larger impact of oil than gel. On the contrary, a wave-guide made of a
more inert material produces lower effects, relatively similar for oil and gel, which may be attributed to
the coupling.

In the figures presented now on, all measurements have been corrected from calibration and amplitudes
are expressed in Volt per square microseconds. Assuming the shape of the bipolar peak as the convo-
lution of a decreasing exponential with the derivative of a Gaussian pulse, the interface voltage can be

0.1
0.846A, 72 (1 _ %) <—% _ 0.6) , ®)
2 2

roughly estimated by

where 77 is the width at mid amplitude of the first part of the bipolar peak and A; and A; are the
algebraic amplitudes of the first and second parts of the bipolar peak; A; and A, are obviously of
opposite polarity. Estimations given in the text are however directly calculated from the measurements
and are thus more accurate and intervals of confidence can be evaluated. It is worth noting that curves
are similar to charge profiles except that amplitudes are opposite. Thus positive charges appear as
a negative signal and negative charges appear as a positive signal. This is due to the minus in E =
—grad(V).

Though cable manufacturers co-extrude insulation with carbon loaded electrodes in order to obtain a
well defined contact [28], many tests are carried out without such a close contact only made possible
by co-extrusion or hot-pressing. Instead, carbon loaded polymer layers, for instance EVA, are coupled
to the insulting polymer under test. In Figure 9, the combined signals independent to applied voltage
are shown, corrected from setup efficiency thanks to the calibration signal. A 1-mm-thick EVA electrode
is inserted on both sides of the insulating polymer and gel or oil is used as acoustic coupling. The
insulating polymer is either aluminum coated, gold coated or left uncoated. In all cases, aluminum-
coated sample presents the larger dipole at the insulating interface, i.e. 1474 &+ 262 mV with gel and
2347 £ 188 mV with oil. The lower dipole at the insulator interface is obtained by the gold-coated
sample when using gel (4521 £ 256 mV) whereas it is obtained without coating when using oil (almost
undetectable).

Although all signals at the wave-guide interface should be similar for gel or for oil, it is clear that charge
exchange exists across EVA electrode. When aluminum is present on both sides of the EVA layer, the
dipole is large on both sides with gel or oil. However, with gold-coated or uncoated samples, the dipole
at the wave-guide interface is quite similar and the dipole at the insulator interface is much smaller with
oil. This points to the great impact of aluminum and, to a smaller extent, of gel for uncoated sample.
The use of a stainless steel wave-guide (see Figure 10) gives similar results except that dipoles at the
wave-guide interface are mush smaller than with an aluminum wave-guide.



A direct contact of the sample with the wave-guide exposes the signal to more perturbation since it is
no longer possible to dissociate the coupling impact on the wave-guide and on the insulating polymer.
In Figure 11a, the contact is made through gel. Whatever the coating of the insulating polymer, a quite
large dipole appears at the interface with the wave-guide. It corresponds to a voltage at the interface
of +282 + 87 mV for the aluminum-coated insulator, —121 £ 28 mV for the gold-coated insulator and
+350 £ 59 mV for the uncoated insulator. Notice that voltage at the interface is opposite (wave-guide
charges negatively compared to insulator) for aluminum-coated and uncoated insulator compared to
previous situations. Notice also the asymmetry of the bipolar peak of the gold-coated insulator indicat-
ing a possible competition between two dipoles, one between gel and the aluminum of the wave-guide,
and one between gel and the gold-coated insulating polymer. As a consequence the estimated dipole
may in fact be not well calculated.

When using oil instead of gel, the voltage at the interface changes drastically only for uncoated sample
since one obtains —5023 £ 252 mV, therefore a large increase in amplitude and a polarity reversal. When
stainless steel is used for the wave-guide instead of aluminum, similar behavior is observed with gel
(see Figure 12a) in terms of shape and amplitude considering the lower sensitivity of the stainless steel
setup. The counter dipole due to the aluminum of the wave-guide in case of gold-coated sample is
however more visible since one peak is visible and delayed at the interface. This can be explained by
a compensation of the bipolar signals as sketched in the inset of Figure 12a. This indicate actually an
intrinsic effect of gold with the insulating polymer. Using oil, (see Figure 12b) the effects are similar
than with the aluminum wave-guide for aluminum or gold coated insulating polymer showing more
the impact of the coating than the one of the wave-guide. As to the uncoated polymer, the voltage at the
interface is still reversed but the amplitude is reduced by a factor 3.

3.3 Discussion

From all results, a clear voltage appears at the interfaces in all cases except when carbon loaded polymer
electrodes are hot-pressed on the insulating polymer, and, to a lower extent, when carbon-loaded EVA is
directly coupled through silicone oil to the uncoated insulating polymer. Aluminum has a great impact
on the voltage at the interfaces, larger for silicone oil than for aqueous gel. This is visible at the aluminum
wave-guide interface or at aluminum coated electrodes. The use of a stainless steel wave-guide reduces

the effect compared to an aluminum wave-guide but not cancels them.

Gold coating has a different behavior than aluminum. Indeed, though the dipole appearing at the inter-
face with the insulating polymer is clearly almost symmetrical in terms of shape for any other contacts,
the contact with gold present a sharp peak on gold side and a much broader peak inside the insulator.
Both peaks have more or less the same surface which is compatible with a dipole, but this points out
that charges clearly spread inside the polymer with gold-coating contrarily to aluminum-coated or un-
coated polymer. Figure 13 shows it clearly and, though the amplitude slightly changes depending on
the material the gold-coated polymer is coupled to, the shape is rather similar. As the broader peak in
the polymer is much larger than spatial resolution, this is significant. This could be explained by the
diffusion of charges inside the insulator according to a kind of Debye length. Hence it can be assumed
that charges are blocked at the interface for aluminum and uncoated polymer, whereas they can much
more easily drift in the polymer with gold coating. Furthermore, as gold is positively polarized com-
pared to the insulating polymer when using oil whereas it is negatively polarized when using gel, both
positive and negative charges could drift. This show the impact of the coupling on the interface prop-



erties. It is worth noting that 5-nm thick chromium is deposited on the surface of the polymer before
gold to improve adhesion. In addition, by thoroughly analyzing measurements with gold electrodes,
one observes that it starts slightly after the others, as if a preceding (in the course of the measurement)
counter dipole would have existed. A sketch of these dipoles is shown in dashed lines superimposed
to the signals in Figure 13. The assumed dipole due to the sample is positive with gel and negative and
twice as much with oil. The assumed dipole due to the coupling seems to be always negative with a
much larger amplitude in case of direct contact with the aluminum wave-guide. Stainless steel greatly
reduces the influence of aluminum without completely canceling the influence of the wave-guide.

4 Conclusion

It is clearly demonstrated that interface effects may drastically vary from one measurement condition to
another. Measurements show the appearance of intrinsic dipoles at the interface that generate interface
voltages. The potential distribution at the interface, and thus the energy levels, is then modified which
may interact directly with different charge injection processes or threshold when the structure will be
subjected to high voltage. Hot-pressed carbon loaded electrode presents negligible interface voltage.

As it is known that coupling material can polarize under voltage, one would have expected that met-
allized polymers should be better than uncoated polymers. However, it is shown in the results that a
carbon-loaded EVA electrodes coupled through silicone oil to an uncoated polymer generate a smaller
interface voltage than when the polymer is aluminum coated or gold coated. On the contrary, a coupling
directly on aluminum generates a very large interface voltage and in that case, gel may be better. It has
been emphasis that aluminum generates in all cases a large interface voltage. The uses of stainless steel
reduces the impact without canceling it. Last but not least, gold-coating seems to ease charge spreading

in the polymer.

This study points to the great impact of interface conditions that must be well defined and well con-
trolled in the study of space charges in materials. Indeed, they can result to different behaviors as those
expected and thus to dramatic situation if test conditions are not representative to operating conditions.
The use of a high sensitive pressure-wave-propagation (PWP) setup makes it possible to study inter-
face phenomena. Though physical effects were mainly considered at interface in the case of dielectric
insulation, chemical reactions should also be considered.
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. Hot-pressed sample
/O Al-coated sample

4

/‘ Au-coated sample
/‘ Uncoated sample

High voltage specimen

Figure 1: Original high voltage specimen from which 3-cm-diameter samples were cut out. The high
voltage specimen is made of a 1-mm-thick 20-cm-diameter polyethylene disk including antioxidant on
which 5-cm-diameter 0.5-mm-thick carbon loaded polyethylene electrode were hot-pressed stuck on
both sides in the middle of the disk. The sample taken from the middle has got hot-pressed electrodes.
Samples taken from the periphery were coated with aluminum electrodes, gold electrodes, or left with-
out electrodes (uncoated).
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Figure 2: Pressure-wave-propagation principle. (a) A pressure pulse is transmitted to the sample under

test. It displaces the charges one after another at the velocity of sound vs generating a current i(t) at (b)
the image of the charge distribution.
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Figure 3: Picture of a PWP setup used for low voltage measurements.
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Figure 4: Flowchart of the measurement protocol from the sample preparation to the interface voltage
determination. Half the difference of measurements under positive and negative voltages of the same

amplitude is referred to as % (Pos — Neg) and half the sum of measurements under positive and negative
voltages of the same amplitude is referred to as %(Pos + Neg).
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Figure 5: Illustration of the signal produced by a pressure pulse. (a) In case of a single surface charge +o
located at x, the signal starts at xy/vs and is proportional to o and to the pressure pulse. (b) In case of a
surface dipole 0/ which negative charge —o is located at xy and positive charge +0c at xy + ¢, the signal
also starts at xo/vs and is proportional to ¢/ and to the pressure pulse derivative over time. In dotted
lines, the signals that would have been produced if only one of the dipole surface charge were present.
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Figure 6: Typical signals for the hot-pressed sample under different voltages. A voltage independent
bipolar peak is detected at the interface between wave-guide and front electrode and voltage dependent
unipolar peaks are detected at the interfaces between the insulator and its electrodes. Dotted lines
indicate when the pressure begins to cross an interface.
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Figure 7: (a) Typical combined signals for the hot-pressed sample. This allows to evidence what depends
or not on the applied voltage. (b) integration over time of the combined signals. Dotted lines indicate

when the pressure begins to cross an interface.
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Figure 8: Pressure wave amplitude at the various interfaces. Material displacement and pressure
are continuous at an interface but the pressure wave is modified from one interface to another due
impedance mismatches. Here Z stands for the acoustic impedance, I for the pressure-wave reflection
coefficient and 7 for the pressure-wave transmission coefficient.
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Figure 9: Calibrated combined signals independent to applied voltage with samples coupled to 1-mm
thick EVA electrode either (a) with gel or (b) with silicone oil. Samples are aluminum coated, gold coated
of left uncoated and tested in the aluminum-wave-guide setup. A double integration over time of each
bipolar peak gives the voltage at the corresponding interface. Dotted lines indicate when the pressure
begins to cross an interface.
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Figure 10: Calibrated combined signals independent to applied voltage with samples coupled to 1-mm
thick EVA electrode either (a) with gel or (b) with silicone oil. Samples are aluminum coated, gold
coated of left uncoated and tested in the stainless steel wave-guide setup. A double integration over
time of each bipolar peak gives the voltage at the corresponding interface. Dotted lines indicate when

the pressure begins to cross an interface.
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Figure 11: Calibrated combined signals independent to applied voltage with samples directly coupled
either (a) with gel or (b) with silicone oil to the aluminum wave-guide of the setup. Samples are alu-
minum coated, gold coated of left uncoated. A double integration over time of each bipolar peak gives
the voltage at the corresponding interface. Dotted lines indicate when the pressure begins to cross an

interface.
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Figure 12: Calibrated combined signals independent to applied voltage with samples directly coupled
either (a) with gel or (b) with silicone oil to the stainless steel wave-guide of the setup. Samples are
aluminum coated, gold coated of left uncoated. A double integration over time of each bipolar peak
gives the voltage at the corresponding interface. Dotted lines indicate when the pressure begins to
cross an interface. In the inset, a possible explanation of the delay for gold signal with gel using the
superposition of two dipoles.
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Figure 13: Calibrated combined signals independent to applied voltage with gold-coated sample in
aluminum setup (left) or stainless-steel setup (right). (a) Sample coupled through gel to carbon-loaded
EVA. (b) Sample coupled through oil to carbon-loaded EVA. (c) Sample coupled through gel to the
wave-guide. (d) Sample coupled through oil to the wave-guide. Dotted lines indicate when the pressure
begins to cross an interface.

24



