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ABSTRACT 
The partial discharge damage rates for silicone-coated printed circuit boards have been 

quantified in a series of experiments at pressures and temperatures relevant to the 

aerospace industry (down to 116 mbar, –55°C to +70°C) and up to 6 kV.  Surface 

cracking was observed, and damage magnitude was found to be non-linear with coating 

thickness, with thinner coatings experiencing relatively greater damage rates.  This is 

attributed to higher surface electric fields for a given energisation voltage.  Increasing 

temperature or reducing pressure increased the rate of damage.  For coating 

thicknesses less than 100 µm, reducing pressure to 116 mbar (1 mbar = 100 Pa) 

increased the relative crack growth rate by nearly an order of magnitude.  Temperature 

change had the most profound influence on damage; low temperatures were observed to 

substantially reduce damage rate, with very little or no damage observed, whereas 

higher temperatures substantially increased damage rate, with the resulting magnitude 

of surface damage too large to quantify.  Silicone coatings of thickness greater than 

250 µm showed no appreciable damage from partial discharge when aged at either low 

pressure or high temperature at voltages up to 6 kV.  Corresponding damage-free 

surface electric fields are computed.  No samples were observed to fail, indicating the 

robustness of high quality silicone coatings.  Possible causes of crack formation in 

silicone are discussed. 

 

Index Terms — Aerospace testing, Partial discharges, Coatings, Aircraft power 

systems, Power electronics 

 

1 INTRODUCTION 

THERE is an increasing use of higher voltage systems 

in aerospace applications. These systems can be vulnerable 

to partial discharge, particularly given the low operating air 

pressure [1].  Power electronic systems are being placed in 

locations of the aircraft that results in exposure to a range of 

environments. In these locations, the air pressure can 

typically reach values of 116 mbar (1 mbar = 100 Pa) 

(equivalent to an altitude of 50,000 feet or 15,240 m) and 

temperatures can fall below -50°C [2].  The insulation 

system must tolerate these environmental stresses in the 

presence of increasingly greater electric fields, given 

industry desire to achieve greater power densities whilst 

operating at higher voltages and the need for device 

compaction [3-5].  As such, it is critical to better understand 

the risks associated with polymer conformal-coated printed 

circuit boards and other similar systems within the power 

electronic converter operating at high voltages.  In 

particular, when operating at lower pressures, conformal 

coatings are at greater risk of degradation given the lower 

partial discharge inception voltages that result in such 

systems [1]. 

Very few studies have looked at the degradation of 

silicone coatings on power electronics due to partial 

discharge at low pressure.  Karady et al. [6] examined the 

effects of partial discharge at low pressures and found a 

strong correlation between electric field strength and the 

extent of the damage on relatively complex test boards.  

Deterioration continued in their tests of up to 200 hours; 

however, the rate was not quantified.  Sili et al. [7] looked at 

polyimide coating lifetime when aged by partial discharge 

(corona spray) as a function of pressure, temperature, and 

humidity.  They observed that failure of their samples 

occurred earlier with reducing pressure or increasing 

temperature because of increased partial discharge energy. 

In related experimental investigations preceding this 

study [8], the degradation of silicone coated boards exposed 
Manuscript received on 28 November 2016, in final form 27 April 
2017, accepted 14 June 2017. Corresponding author: C. Emersic. 



to partial discharge was characterised.  Observations 

indicated that the partial discharge in the samples under test 

was principally a surface-based phenomenon, and was 

influenced strongly by pressure.  It was also found that 

coating thickness strongly influenced the rate of degradation 

(crack formation), with coating thicknesses below 60 µm 

providing minimal protection, and those above 180 µm 

providing the greatest levels of protection at ambient 

pressure and temperature. 

This study expands on the laboratory investigations 

previously reported in [8] and quantifies the rate of damage 

to silicone coatings as a function of pressure and 

temperature within the limits found in operational airborne 

systems. 

2 EXPERIMENTAL DESIGN 

A detailed description of the experimental setup is 

provided in [8], with a summary provided here.  Test boards 

consisted of a simple design comprising two mirror-curved 

tracks.  The bare boards and tracks were cleaned prior to 

coating, which involved soaks in an ultrasonic bath of 

ammonia solution and dipping in isopropyl alcohol before 

drying.  The coating process involved dipping into silicone 

1C49 (HumiSeal®) and curing for 24 hours in ambient air 

before being stored in a sealed environment prior to testing.  

Coatings were of high quality and void free.  For the 

samples used in this study, the coating thicknesses ranged 

from approximately 100 µm to greater than 200 µm, with 

variation resulting from pooling during the curing process 

while boards were mounted vertically. 

The experimental test circuit is illustrated in Figure 2.1.  
Testing was performed in an environmental chamber using a 
50 Hz sinusoidal AC voltage signal.  Pressures and 
temperatures were adjusted after samples were inserted in the 
chamber, and sufficient time was allowed to ensure thermal 
equilibrium had been reached.  The chamber is not 

hermetically sealed and thus air within the chamber can be 
exchanged with the ambient environment, ensuring there is 
no build-up of ozone or similar by-products of the partial 
discharge process.  The test voltage was increased at a rate of 
100 V s-1 until partial discharges were detected via the high 
frequency current transformer on the earth line, which fed the 
discharge signals to an oscilloscope.  As with the earlier 
investigation, partial discharge was thus produced by 
energising the tracks on the boards rather than being 
externally applied through corona spray.  For a given 
experiment, ten identical sample boards were energised 
together in parallel and left to age under active partial 
discharge for up to approximately 160 hours.  The boards 
were spatially separated to ensure there was no influence 
from neighbouring boards.  Sample boards were briefly 
removed approximately every 24 hours for measurement of 
coating damage using optical microscopy.  Only the 
combined partial discharge signal from all samples was 
monitored here; contributions from individual sample could 
not be resolved given that multiple samples of varying 
thicknesses were energised and aged simultaneously.  The 
properties of the partial discharges were not of focus; only 
that partial discharge was occurring.  Confidence that partial 
discharge was occurring on all samples was achieved by 
raising test voltages considerably above initial inception and 
observing subsequent progressive degradation in the 
coatings. 

Four sets of experiments were conducted to test the 
effects of varying pressure and temperature.  Two 
experiments were conducted at ambient temperature at 
pressures of 500 mbar and 116 mbar, with two further 
experiments conducted at ambient pressure at temperatures 
of –55°C and +70°C.  Aging voltages of 4.0 kV and 1.7 kV 
were used for experiments at 500 mbar and 116 mbar 
respectively as they were comfortably above inception 
without leading to breakdown.  All voltage values listed here 
are peak voltage unless otherwise stated.  At –55°C, stable 
partial discharge was initially achieved at 4.3 kV but the test 
voltage required to maintain a consistent discharge level was 
later increased to 5.0 kV after 42 hours, and then 5.5 kV after 
136 hours.  At +70°C, a voltage of 4.3 kV was applied, but 
this was increased to 6.0 kV after 23 hours to provide 
confidence that comparable levels of partial discharge were 
being produced based on the oscilloscope output. 

When samples which had been aged at low temperature 
were removed for microscopy, they were gently heated using 
warm air to melt ice and remove all condensation without 
physical contact with the coating surfaces.  This introduced a 
small amount of surface dust to the samples but this was not 
observed to influence any electrical phenomena, consistent 

Figure 2.1.Test boards and sketch of the experimental test circuit. Figure 2.2. Image of COMSOL model geometry used in simulations. 



with observations in our earlier related investigation. 

2.1 MODELLING SIMULATIONS 

In addition to the experimental work, a 2D model of the 

cross section of the test samples was created in COMSOL 

Multiphysics to perform finite element analysis and 

computation of the surface electric fields.  Figure 2.2 shows 

the model geometry used, which was based on microscopy 

of test samples that had been cut through the centre where 

the tracks are closest (Figure 2.1 A).  Simulations were 

performed using a coating thickness of 250 µm with a 

potential difference between tracks of up to 6 kV. 

3 OBSERVATIONS AND DISCUSSION 

3.1 EFFECTS OF PRESSURE 

Partial discharge was observed to initiate at lower 

voltages with reducing pressure, as would be expected [1].  

Stable partial discharge at ambient pressure occurred at 

approximately 4.25 to 4.5 kV in the related previous study 

[8], whereas here at 500 mbar, this reduced to 4.0 kV, and to 

1.7 kV at 116 mbar.  This pressure dependence is consistent 

with the earlier findings that partial discharge is occurring 

on the surface-air interface of the silicone coatings.  Figure 

3.1 shows a typical phase-resolved plot for an individually 

tested sample experiencing partial discharge at 116 mbar, 

Figure 3.2. Relationship between silicone coating surface crack growth rate (normalised to coating thickness and test voltage) and coating thickness, as a 

function of pressure.  (1050 mbar data adapted from [8].) 

Figure 3.1. Typical phase-resolved partial discharge plot of an individual energised sample at 116 mbar. 



again revealing comparable magnitude partial discharges 

occurred at the peaks of both sides of the AC voltage cycle, 

indicating surface based discharges. 

The cracking was determined to be surface-based using 

focus changes under microscopy, extending approximately 

20 µm into the coating in all samples (including alterative 

test conditions discussed later), consistently with earlier 

findings.  Figure 3.2 shows the relationship between crack 

growth rate and coating thickness as a function of pressure.  

Crack growth was measured optically in software by 

measuring the additional total crack length gained between 

microscopy observations.  During testing, the voltage at 

which stable partial discharge occurred varied between 

samples.  Control over coating thickness was not possible to 

ensure comparable thicknesses between samples.  Thus, 

growth rate has been normalised per unit thickness per unit 

test voltage.  Figure 3.2 shows damage rate is non-linear 

with coating thickness, and is described reasonably well by 

an exponential function.  Note the trend line has been 

extrapolated for 500 mbar as test samples were not available 

with thinner coatings during that test.  Thinner coatings 

experience considerably greater degradation from partial 

discharge.  This is consistent with our previous investigation 

which concluded that this was a result of the increased 

surface electric fields for a given test voltage (note that 

ambient pressure data is taken from [8]).  A strong pressure 

dependence on damage rate is also observed, with the effect 

enhancing further the severity of degradation as coating 

thickness reduces.  For coating thicknesses less than 

100 µm, the damage rate at 116 mbar was almost an order of 

magnitude greater than at ambient pressure.  Our previous 

research showed that silicone coating thicknesses greater 

than 180 µm provided maximal protection from degradation 

at ambient pressure.  At lower pressures, more substantial 

degradation was observed to thicknesses of 225 µm, with 

the equivalent maximal protection (minimal degradation) 

provided at thicknesses above approximately 250 µm.  None 

of the test samples here suffered breakdown and failed. 

The enhanced rate of damage at lower pressures is likely 

to be due to the reduced relative air density and associated 

inversely proportional mean free path of partial discharge 

electrons which provides greater energy, as discussed by Sili 

et al. [7].  This results in more aggressive chemical 

degradation and particle bombardment, which are 

considered the principal methods of polymer degradation 

from partial discharge [9]. 

3.2 EFFECTS OF TEMPERATURE 

Temperature was observed to have a dramatic influence 

on the severity of degradation of the silicone coatings.  At a 

temperature of –55°C, seven of the ten samples showed no 

evidence of degradation despite a comparable thickness 

range and applied voltages of equal to or greater than those 

applied at ambient temperature.  Note that aging voltage was 

increased from 4.3 to 5.5 kV during testing to maintain 

stable partial discharge when subsequently reenergised after 

microscopy.  Voltage was not varied after aging continued 

to determine whether this was transient or could be lowered 

back to initial values in the interest of experimental 

reproducibility.  The three samples which did show crack 

formation in the coating had normalized growth rates per 

unit thickness of 0.04 to 0.07 hr-1 kV-1 and very little total 

cracking.  These samples had the thinnest coatings of 103, 

113, and 116 µm (Table 1) and would thus be expected to 

show the greatest degradation, which is consistent with 

earlier conclusions about the influence of coating thickness.  

It should be noted that the absence of damage on the thicker 

coated samples is possibly because there is no partial 

discharge activity (this couldn’t be measured on individual 

samples).  This possibility seems unlikely because the level 

of total partial discharge activity on the oscilloscope output 

was comparable, and test voltages were at values that 

similar samples at ambient temperature had produced 

measurable partial discharge. 

An additional observation revealed an undulating pattern 

forming on sample coatings (Figure 3.3).  This pattern was 

also seen to change completely each time the sample was 

removed from the chamber for microscopy.  Initially it was 

not clear whether this surface pattern was caused by or was 

influencing the degradation process.  A subsequent 

investigation was made in which a virgin test sample was 

placed in the environmental chamber at –55°C without any 

electrical testing.  This sample also exhibited the same 

undulating pattern on the silicone surface, thus confirming 

that this patterning is not caused by electrical activity.  It is 

possible that the undulations and corresponding small 

thickness changes are a result of inhomogeneous 

temperature changes and thermal expansion of the silicone 

when the sample is removed from the low temperature 

environment to ambient temperature for microscopy.  The 

sample was also subjected to gentle heating and air blowing 

from a hair dryer to evaporate water droplets, formed from 

condensation and melted ice crystals, which may have 

contributed to a more rapid temperature increase and 

differential thermal expansion.  When samples that 

developed this patterning were returned to the low 

temperature environment, the thermal contraction of the 

silicone may have restored a flatter surface.  The patterning 

then formed again during subsequent reheating and thermal 

expansion prior to microscopy, thus explaining the different 

Table 1. Sample silicone coating thicknesses and growth rates at the two 

test temperatures.  Severe coating cracking at high temperature on most 

samples prevented measurement of crack growth rates. 

Temperature 

(°C) 

Sample coating 

thickness (µm) 

Av. growth/thickness 

/kV (/hr/kV) 

–55 142 0.00 

 

129 0.00 

 

155 0.00 

 

103 0.04 

 

227 0.00 

 

159 0.00 

 

179 0.00 

 

175 0.00 

 

113 0.07 

 

116 0.05 

70 121 High 

 

225 0.36 

 

148 High 

 

230 0.00 

 

140 High 

 

240 0.00 

 

135 High 

 

140 High 

 

75 High 

 

110 High 

 



pattern formations.  The likely loss of surface undulations 

during cooling makes it unlikely that the patterning 

influenced partial discharge or associated degradation. 

The samples aged at 70°C showed rapid and substantial 

crack development (Figure 3.4).  In seven of the ten 

samples, the magnitude of cracking was so severe that it 

prevented identification of individual cracks for 

quantification of crack growth rate during analysis.  The 

crack growth rates in samples aged at 70°C are nevertheless 

substantially greater than those observed for samples at low 

pressure.  Three samples degraded at much lower rates, and 

these were the samples which had the greatest thicknesses; a 

sample with thickness of 225 µm showed no crack 

development initially, a greater rate of 0.91 (hr-1 kV-1) from 

69 hours, and a mean of 0.36 (hr-1 kV-1).  The remaining two 

samples with thicker coatings of 230 and 240 µm showed no 

crack development.  This again highlights the strong non-

linear response of degradation with thickness, even when 

damage rates are strongly enhanced by high temperatures.  It 

should be noted that the aging voltage in the higher 

temperature tests was initially 4.3 kV, but increased to 

6.0 kV after 23 hours to ensure stable partial discharge.  

This is in contrast to the low temperature tests which 

initially aged at 4.3 kV, but was later increased to 5.0 kV 

after 42 hours and then 5.5 kV after 136 hours to achieve 

stable partial discharge.  While the higher aging voltages 

will contribute to the enhanced rate of damage at higher 

temperatures, consistent with previous findings, it cannot 

fully account for the magnitude of the enhanced rate given 

that the maximum voltage remains comparable and there is 

still no damage to the samples with the thickest coatings.  

As with samples tested at low pressure, none of the samples 

tested at high or low temperature resulted in breakdown, 

even despite the severity of the observed degradation at high 

temperature. 

During microscopy of one of the samples aged at 70°C 

that was cooling, the formation of a new crack was directly 

observed.  The crack formed across the sample surface 

without any direct external influence in a timescale of 

approximately 1 second.  This observation supports 

conclusions from our previous study [8] that at least some of 

the cracks which form are likely a consequence of a 

mechanical relaxation process within the silicone structure.  

Some cracks on these samples had a much greater width, but 

these did not penetrate any deeper than the 20 µm observed 

for other cracks.  The surface opening or fissure was simply 

wider, reaching approximately 100 µm in some cases 

(Figure 3.5). 

These observations of temperature-dependent coating 

damage may be accounted for in two ways.  Firstly, 

increasing temperature will increase the energy that partial 

discharge electrons carry (amongst other gas constituents).  

Additionally, as with lower pressures, the relative air density 

at higher temperatures is reduced and is inversely 

proportional to the mean free path of the electrons.  These 

two factors combined increase the energy carried by the 

Figure 3.3. Evidence of surface texturing forming on a virgin 142 µm coated sample (A) prior to the first microscopy sample (B).  This texture pattern 

changed completely with each subsequent microscopy sample (C and D). 



electrons, thereby enhancing chemical degradation 

processes as they bombard the silicone [7, 9].  Secondly, 

increasing the equilibrium temperature of the material itself 

reduces the additional energy required from bombarding 

electrons to cause chemical degradation.  Research 

conducted into electrical treeing has also concluded that 

insulation endurance is reduced at higher temperatures [10, 

11].  Kim et al. [12] suggested that exposure to the oxidizing 

effects of partial discharge created a silica-like layer on the 

uppermost surface that can become porous and cracked.  

Based on observations here and in our previous related study 

[8], it would appear that mechanical stresses, such as those 

created by temperature changes during thermal 

equilibration, may also contribute to the initiation of these 

cracks—particularly as cracks were observed to form 

without direct coercion under the microscope shortly after 

removal of a sample from the 70°C environment when 

thermal contraction occurred. 

3.3 OTHER OBSERVATIONS 

In the preceding study [8], the formation of a black 

substance was observed on the surface of samples during the 

aging process.  This was suspected to be particles of ambient 

aerosol being electrostatically attracted to the energized 

Figure 3.4. Micrograph timeline of severe damage on silicone coatings during partial discharge aging at 70°C.  Crack density in this 135 µm sample was so 

high by 141 hours that identification of individual cracks, and thus quantification, was not possible. 



samples.  In this study, the black substance was observed in 

very reduced quantities, and in some experiments, not at all.  

This is probably due to the different environmental 

conditions.  At a lower pressure of 500 mbar, the presence 

of the black substance was reduced considerably and only 

appeared to accumulate toward the end of the experiment 

after many hours.  At 116 mbar, no formations were 

observed.  This would be expected if the black substance 

was from ambient aerosol, as there would be less of it at 

lower air densities.  No presence of the black substance was 

observed in the low temperature experiments at ambient 

pressure.  This is probably because of the formation of ice 

on the surface, later melting and washing away any 

accumulating formations.  At higher temperature, the 

magnitude of surface damage prevented any observation of 

these accumulations under microscopy. 

While observations of changes in partial discharge 

inception voltage are readily accounted for as a function of 

pressure, changes associated with temperature observed here 

are more difficult to explain.  At low temperature, it is 

possible that the accumulation of surface frost in a very thin 

layer forms a more conductive layer.  This would increase 

inception voltage, similarly to findings in [8] that suggested 

accumulating surface pollution from the ambient aerosol 

reduced surface fields.  It is also possible that conductive 

ambient atmospheric substances that deliquesce into liquid 

water, or the gaseous by-products (discussed by Sili et al. 

[7]) that form semi-conducting layers in wet conditions, may 

be left behind during drying and gradually accumulate to a 

steady level to achieve a similar result.  This may account 

for the observed gradual increase in inception voltage in the 

first few microscopy measurements.  Experiments at high 

temperature were raised to 6.0 kV early in the testing cycle 

to give more consistent partial discharge output on the 

oscilloscope and to be comparable with that produced at 

5.5 kV at –55°C.  It is thus not clear that a gradual increase 

in inception voltage would have been observed. 

3.4 FEA ANALYSIS 

Finite element modelling was performed to calculate the 

peak surface electric fields on boards tested at different 

voltages for the different experiments.  The simulations used 

a coating thickness of 250 µm, representing the minimum 

thickness where no damage was observed either at the 

lowest tested pressure or the highest temperature.  Table 2 

shows the corresponding peak surface electric fields above 

the tracks in each case, and represent the maximum values 

to ensure minimum observed damage rates from partial 

discharge for those environmental conditions; exceeding 

these fields will likely result in degradation.  These electric 

fields ranged between 2.3 kV mm-1 at 116 mbar to 

8.3 kV mm-1 at 1000 mbar.  This is approximately half the 

field strength modelled in tracking tests where breakdown is 

occurring, for example [13]. 

While the model reproduced track curvature based on 

microscopy of a cross-sectional cut through a test board, 

sensitivity tests on the effects of the curvature of the track 

edges on the surface electric fields were made.  Increasing 

track edge curvature increases the local field within the 

immediate vicinity of the track, but was shown to not 

significantly affect the field on the coating surface. 

4 CONCLUSIONS 

Experimental investigations on printed circuit boards 

with high quality, void-free, silicone coatings have 

characterised and quantified the rate and magnitude of 

damage resulting from surface partial discharge as a 

function of pressure and temperature.  Partial discharge was 

generated on board by raising test samples to a high voltage 

and was not produced externally by corona spray.  Samples 

were left to age for approximately 1 week.  The pressures 

and temperatures involved in testing were chosen to be those 

relevant to the aerospace industry, ranging down to 

116 mbar and up to 70°C. 

Observations support the hypothesis that partial 

discharge occurs on the surface of samples that have good 

quality coatings despite higher fields likely within the bulk, 

in agreement with our previous related study [8].  

Mechanical stress caused by thermal relaxation may partly 

contribute to the initiation of some cracks, and silicone 

bonds on the surface are likely damaged by the partial 

discharge electrons, in agreement with Kim et al. [12]. 

Damage on the silicone coatings occurred in the form of 

surface cracks, with the rate of growth and resulting extent 

of damage across the surface during the aging period being 

non-linearly related to coating thickness.  Some cracks 

became wider and fissure-like at higher aging temperatures, 

Figure 3.5. Micrograph showing severe damage on a silicone coating 

during partial discharge aging at 70°C.  Wider fissure-like cracks 

approximately 100 µm wide observed in the top 20 µm of the surface. 

Table 2. Peak surface electric fields that give rise to no observed coating damage, computed using finite element analysis for boards with coating 

thicknesses of 250 µm for the different experiments conducted and their associated test voltages and environmental conditions. 

Test Pressure 

(mbar) 

Temperature 

(°C) 

Operating voltage 

(kV) 

Surface electric field corresponding to no 

observable coating degradation (kV mm-1) 

1 500 20 4.0 5.5 

2 116 20 1.7 2.3 

3 1000 –55 5.5 7.5 

4 1000 70 6.0 8.3 

 



but in all cases, cracks did not penetrate any deeper than 

20 µm into the surface of the coating.  Coating thicknesses 

less than 100 µm lead to the greatest levels of damage, 

consistent with earlier findings.  Reducing pressure was 

observed to increase damage rate; for coating thicknesses 

less than 100 µm, the damage rate at 116 mbar was almost 

an order of magnitude greater than at ambient pressure 

(Figure 3.2).  Temperature had a considerably greater 

influence on damage rate.  At –55°C, very little or no 

damage was observed; however, at 70°C, the extent of 

surface cracking was so substantial that it was not possible 

to quantify the rate.  None of the samples were observed to 

break down despite a high level of damage, indicating an 

inherent robustness in good quality silicone coatings.  At 

either low pressures or high temperatures, silicone coating 

thicknesses greater than 250 µm were observed to provide a 

level of protection from partial discharge activity sufficient 

to prevent any observable damage during the 160 hours of 

aging.  Finite element analysis was used to identify the 

corresponding surface electric fields to avoid significant 

partial discharge degradation under the associated 

environmental conditions when coating thickness is at least 

250 µm.  These are listed in Table 2. 
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