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ABSTRACT 
 High electric fields at the edge of the substrate metallisation can give rise to partial 

discharge within power electronic modules and can lead to eventual failure. This paper 

examines the use of silicone gels filled with barium titanate to reduce the electric field 

enhancement at the edge of substrate metallisation and therefore increase partial 

discharge inception voltages. The barium titanate filled gel produces a dielectric in 

which the relative permittivity is increased over a plain gel and that also exhibits a 

dependence on electric field. The theoretical electric field reduction that can be 

achieved in a power electronic module through the use of filled gels is demonstrated 

and compared against experimental measurements including the trial of the technique 

in some commercial modules. As promising results are achieved, consideration is also 

given to the effect of the barium titanate filler on the viscosity of the gel and the thermal 

conductivity, two key manufacturing issues. 

Index Terms   —  Power electronics, Partial discharges, Silicone insulation,  

Ferroelectric materials, Finite element methods. 

 

1. INTRODUCTION 

The increased desire to use power electronic modules at 

higher voltages in applications that demand reliable 

operation means that care must be taken in the design of the 

insulation system. Modules that operate at voltages over 

5kV are available and there will always be a drive to 

improve the power density of the module by raising 

voltages or by miniaturization. To do this, weak points in 

the dielectric system must be progressively improved. A 

cross-section of a typical power electronic module is given 

in Figure 1. 

Figure 1. Cross-section view of typical power modules 
 

Key to the module is the metallised substrate that is 

soldered onto a baseplate. Different techniques can be used 

to achieve this such as directly bonded copper or active 

metal brazing. The substrate used in high voltage modules 
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is usually made from aluminum nitride (AlN) or aluminium 

oxide ceramic (the former being preferred at high voltages) 

with a good dielectric strength and a good thermal 

conductivity. The high voltage silicon IGBTs / diodes are 

soldered onto the substrate metallisation. Wire bonds are 

used to make connections between the individual IGBT / 

diode terminals and external connections for gate drives / 

busbars. The whole assembly is immersed in a soft 

encapsulant, typically silicone gel, in order to provide the 

dielectric strength along the surfaces of the substrate, 

between the busbars and between any other parts of the 

module subject to high electric fields. An epoxy layer may 

then be added over the top of the entire dielectric system to 

implement extra protection from environmental factors such 

as moisture, dust and other contaminants as well as 

providing mechanical strength for the entire module.  

 

There are therefore three main dielectric systems within a 

power electronic module. One is the ceramic substrate, 

typically made of aluminum nitride or aluminium oxide. 

The second is the silicone gel which is used as an 

encapsulant. This fills the entire module housing and 

prevents partial discharges or breakdowns developing 

within the module. The final dielectric system is formed at 

the interface of these two components and it is this that is 

often the weakest point in a power module. 

 

Testing of the ceramic substrates is fairly straightforward 

as they can be tested when produced, before they are used 

in the power electronic module. The electrical stress seen 

by the substrate when it is in use is also well represented 

during standard qualification test procedures. Thought to 

cause failure of substrates is the presence of cracks within 

the microstructure of the material [1]. Partial discharge 

activity induced by these defects will ultimately limit the 

module lifetime as the dielectric integrity of the substrate is 

compromised.  

 

The silicone gel used in the manufacture of power 

electronic modules is more difficult to produce and test. 

When pouring gels, it is essential to ensure the absence of 

air bubbles in the module as these would otherwise form 

locations in which partial discharge could arise. This is 

typically done by degassing the gels using a vacuum but 

this technique is not foolproof. Modules are tested 

according to IEC standard 61287 to discover any possible 

defects caused during the manufacturing process. However, 

there may be untested areas of silicone gels when the 

module leaves the factory owing to the inability of the 

standard module test method to stress all parts of the 

silicone gel encapsulation [2]. This is due to the test being 

carried out with all terminals being bonded to high voltage 

while in operation they can, depending on the exact nature 

of the switch position, be at different potentials [3]. Silicone 

gel should not age under the presence of an electric field 

alone [4] but may vary in performance according to the 

environmental conditions. For example, ambient 

temperature is known to have a significant impact on the 

dielectric performance of materials such as silicone gel [5, 

6]. This is mainly due to the condensation of water out of 

the gel at lower temperatures, a process that significantly 

limits the dielectric performance of a gel [7]. Cracks were 

observed in the gel embedding the ceramic substrate after 

24 hours exposure to -60°C [5]. As a result, the partial 

discharge inception voltage was significantly reduced due 

to the field enhancement caused by these cracks in 

proximity to the edge of the substrates.  

 

Even though there can be quality issues with the substrate 

and gel materials as described above, the critical area in 

which the insulation system of a power module appears to 

limit the ultimate performance is at the edge of the 

metallisation of the substrate [8]. The performance of 

silicone gel is particularly critical in this location not just in 

terms of preventing discharge within the gel itself but also 

in terms of preventing discharge at the gel-substrate 

interface in close proximity to the metallisation. Some 

researchers have investigated the use of semi-conductive 

coatings in this area to relieve the dielectric stress [9]. In 

other work, the same authors reinforce the belief that partial 

discharges from metallised edges of substrates and silicone 

gel interfaces are the main sources of partial discharge in a 

power module [10]. Electrical field simulation results show 

that maximum field is around the edge of the substrate 

metallisation and this has been verified by optical detection 

[8]. Improvement of the partial discharge / breakdown 

behavior in this area of the module is therefore the topic of 

this paper. 

 

2. HIGH PERMITTIVITY / NON-LINEAR 

DIELECTRICS 

In all applications and irrespective of the type of stress 

relieving dielectric to be used, the aim would be to reduce 

the peak electrical stresses seen in insulation, particularly 

around defects, with a view to minimising partial discharge 

activity and prolonging the time to failure of the insulation 

system. 

 

Two forms of stress relieving composite dielectrics exist; 

a form that varies the conductivity of a material with the 

electric field (field dependent conductivity - FDC) and a 

form that varies the permittivity of a material with the 

electric field (field dependent permittivity – FDP) [11]. 

 

FDC stress relieving dielectrics are formed through the 

inclusion of narrow band semi-conductive fillers, such as 

zinc oxide or silicon carbide, in the base polymer / gel. 

Their functionality as a stress relieving material relies on 

their ability to allow charge to flow through the dielectric at 

elevated field strengths. The non-linear nature of these 

composites is a function of the intrinsic semi-conductive 

nature of the particles themselves and also as a function of 

particle connectivity. In order for the stress relieving nature 

to occur, the filler concentration must be above a prescribed 

limit (known as the percolation threshold) to allow particle 

to particle contact. The electrical field strength must also be 

great enough to allow conduction through the semi-

conductive particles and through barriers between particles 
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[12, 13]. As the production of a field dependent conductive 

dielectric requires particle to particle contact (and hence 

high filler rates), this option was not pursued in this work 

since the effect on the non-electrical properties of the 

silicone gel would be significant (particularly in terms of 

viscosity / flow).  

 

FDP stress relieving dielectrics are formed through the 

inclusion of ferroelectric fillers, such as barium titanate or 

lead zirconium titanate (PZT), in the base polymer / gel. 

Their functionality as a stress relieving material relies on 

enhanced polarization mechanisms (through a process of 

spontaneous domain alignment) occurring in the 

ferroelectric filler particles at elevated electrical field 

strengths. These enhanced polarization effects then give the 

composite dielectric an enhanced permittivity at elevated 

electrical field strengths. These processes do not require a 

percolation criteria in order to operate and occur even at 

low electrical field strengths. Such spontaneous domain 

alignment disappears above a certain temperature which is 

termed the Curie point. For pure barium titanate, the Curie 

temperature is approximately 130°C [14]. In a filled gel, 

this Curie point increases and is at a level that is above the 

maximum junction temperature of IGBT devices of 150°C 

in the transistor and 125°C in the diodes [15]. However, as 

the stress relieving properties of the material are driven 

through electrical field dependent polarization / permittivity 

mechanisms, the effects are only realizable under AC 

fields.[16-19] 

 

Other benefits not related to the control of the electric 

field may also result from the use of filler materials. A good 

example of this is the thermal conductivity of the filler 

material, a property that if increased benefits (albeit 

weakly) the power electronic modules. Filler particles have 

higher thermal conductivities than polymers or gels. It has 

been shown in [20] that an increase in the thermal 

conductivity of silicone composites occurs when fillers are 

used. The value moves from 1W/mK with 10% of 

aluminium trihydrate filler to a value of 6W/mK for a 50% 

filler concentration (the filler itself having a thermal 

conductivity of 21W/mK). It has also been shown in [11] 

that inclusion of both zinc oxide and barium titanate can 

improve the thermal conductivity of the stress relieving 

composites.  

 

The inclusion of these stress relieving dielectrics into 

power electronic modules may therefore have the ability to 

reduce high electrical stresses that are formed by either poor 

manufacturing or errors in design. This would help to 

reduce the partial discharge related failure rates that can 

currently occur on low volume production runs of high 

value power electronic modules. It would also significantly 

improve the reliability of power electronic modules as 

insulation defects that did not show up in initial testing but 

which exist and have the ability to cause cumulative 

damage would be reduced in severity by the non-linear 

dielectric characteristics. 

 

In this work, barium titanate was chosen as the filler 

material. The inclusion of barium titanate into the silicone 

gel does not significantly disturb the curing characteristics 

of the gel and nor does it significantly affect the adhesive 

qualities. In comparison to other materials such as lead 

zirconium titanate, the use of barium titanate also produces 

a filled gel that (in the UK) can be disposed off without 

special precautions. 

3. CHARACTERIZATION OF FILLED SILICONE 

GEL 

Before a filled gel could be placed in a module and in 

order to model the effect of a field dependent permittivity 

material on the peak electric field around the substrate edge, 

it was necessary to characterize the material. The test 

samples used for this purpose had a 1mm thickness of 

insulation placed between two 20mm diameter plane 

electrodes (guard electrodes were also present in the test 

cell). The test system used to measure the permittivity as a 

function of electric field comprised a high voltage AC 

amplifier with a peak output voltage of 20kV which was 

controlled by a signal generator. The combination of signal 

generator and amplifier was used instead of a transformer to 

ensure a pure sine-wave without any harmonic disturbances 

in the signal. These would have invariably been present if 

the mains voltage had been stepped up through a 

transformer. This is essential in this experiment so as to 

ensure distortions seen during test are caused by the 

nonlinearity of the test sample instead of the transformer. 

All the tests reported in this work were done at 50Hz. 

 

Mounted in series with the test object was a resistor used 

to measure the current passing through the sample. The 

voltage and the current passing through the sample was 

recorded simultaneously and was converted to equivalent 

electrical field E (kV / mm) and current densities J (A / 

mm²) thus making the measurement result independent of 

sample geometry. Three samples each of unfilled gel and of 

a filled gel containing 15% by volume of barium titanate 

were produced and tested.  

 

Figure 2 shows the traces of voltage and current for one 

plain silicone gel sample converted to field strengths (light 

grey line) and current densities (dark grey line). Multiple 

voltage and current traces are reported in the same figure. 

The waveforms of all current traces are purely sinusoidal 

without any distortions. The current is 90° lagging, the test 

sample being capacitive. For the peak electrical field 

strength of 18.4 kV/mm, the peak current density is about 

0.14 A/m2. This equates to a sample capacitance of around 

30pF. 
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Figure 2. Current density and electrical field strength measured for a 

plain silicone gel sample 

Figure 3 depicts the waveforms measured for the 15% 

barium titanate filled sample. This sample was prepared in a 

similar way to a normal gel but 15% by volume of barium 

titanate was thoroughly mixed into one part of the gel 

before the second gel component was introduced. Full 

details of this process are given in section IV of the paper. 

In this case, the current waveform has a different shape 

compared to the plain sample. The phase shift is now less 

than 90° owing to an increase in the dielectric loss angle 

and significant harmonic distortion is present. This 

harmonic distortion can be explained by the influence of the 

barium titanate filler and shows that the compound is 

affected by the properties of the filler due to ferroelectric 

domain alignment processes. The harmonic distortion 

increases as the field strength is increased. 

 

 

Figure 3. Current density and electrical field strength measured for a 15% 

(by volume) barium titanate filled silicone gel sample 

To show whether the magnitudes of the electric field and 

current density within the sample are non-linear, the peak 

current density and the peak electric field strength are 

plotted in Figure 4. A fit to the measured values is also 

shown which can be represented by equation 1.  
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Figure 4. Peak current density against peak electrical field strength in a 

filled silicone gel sample 
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A linear dielectric, i.e. one in which the capacitance did 

not vary as a function of electric field, would not be 

expected to contain a term relating to the square of the 

electric field. This therefore confirms that non linear 

behaviour is taking place. The relative permittivity of the 

gel as it moves through different levels of electric field can 

be calculated using the points ‘n’ and ‘n+1’ on the trend 

line as shown in equation 2. Relative permittivity values 

derived from this method has been termed the ‘static 

permittivity value’ in [16]. As it is derived from the 

gradient of the curve along the J (E) characteristic, this 

value best describes how the electrical characteristics of the 

dielectric change as the electrical field in an application 

changes. This is therefore the most appropriate value to use 

in the finite element analysis of stress relieving 

applications, as in the power electronics module.  
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For the sample filled with 15% barium titanate, the 

permittivity was shown to take the form given in equation                                  

3. The unfilled silicone gel was shown to have a relative 

permittivity of 2.7 and this was not dependent on the 

electric field (i.e. the second order term seen in equation 3 

was not significant for this set of measurements). Figure 5 

shows the relative permittivity values of filled gels at 

various concentrations.   

 

E3.14.6 (E)r +=ε   (3) 
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Figure 5. Relative permittivity of filled gel at various concentrations at 

50Hz for a number of samples 

It is important to note, as previously discussed, that the 

field dependent aspect of the permittivity will only manifest 

itself when the filled gel is subject to an alternating field. 

Under a DC field, this behavior will not be apparent and as 

such any benefit in terms of the use of filled gels will only 

be a result of the increased permittivity that they exhibit. 

4. ELECTROSTATIC FINITE ELEMENT ANALYSIS 

STUDIES 

   Electrical simulations for determining the electrical field 

distribution inside a power electronics module are 

commonly used to help to identify locations where the 

electric field strength is particularly high. These simulations 

can be used for layout optimization and deliver quantitative 

results. The simulations can represent the power electronic 

module in its entirety and therefore usually model the 

substrate with its copper metallisation, the base plate and 

the soft silicone that encapsulates the whole module. Such 

simulations can be of great use in reducing the product 

development cost. 

 

   A power electronic module does present a number of 

challenges when it is modeled, these mainly being a result 

of the relatively thin size of some of the insulation layers in 

comparison to the length / width of the module. The 

software used to produce the electric field distributions 

discussed in this paper was OPERA 3D. It is a general 

purpose electromagnetic analysis software but has the 

ability to model permittivity as a function of electric field. 

Using this facility, the relationship between electric field 

and permittivity given as equation 3 can be implemented 

within the software. 

 

A model of a 3.3kV four switch power electronic module 

has been created in Opera 3D. It consists of four AlN 

substrates lying in a symmetric configuration. For best 

simulation accuracy, only a quarter of the whole module, 

namely one substrate has been focused on in this study. By 

altering the boundary conditions within the model, the 

electric fields within the module can be investigated when 

the switches are in a number of configurations. The effect 

of transient voltage overshoots can also be included in the 

simulations by making adjustments to the magnitudes of the 

voltages imposed on sections of the substrate metallisation. 

The substrate edges have been rounded at 0.1mm radium in 

the simulation.  

 

 Figure 6 illustrates the electrical field distribution on the 

substrate surface in the test configuration used in the 

experimental measurements of the filled gel performance. 

In the test, the collector of the substrate metallisation is 

connected to high voltage while the emitter is connected to 

earth. This provides a more realistic test than is used once 

substrates are populated with silicone as the collector 

emitter gap is stressed as well as the outer edge of the 

metallisation. The field distribution is indicated by the color 

shading. In the figure, it can be directly seen that the 

electrical field strength reaches its peak at the edge of 

substrate metallisation. In consequence, partial discharges 

will most likely start at this location. This result clearly 

matches that of other researchers as discussed in the 

introduction section. 

 

 

Figure 6. Electrical field distribution on one substrate surface  

This model was used to produce a relationship between 

the maximum field strength observed on the edge of the 

substrate metallisation and the applied voltage for three 

different types of gel. A standard silicone gel was modeled 

as was a filled gel with and without non-linear properties. 

The plain silicone gel had a permittivity of 2.7 while the 

filled gel had a permittivity of 6.4. Non-linear behavior was 

accounted for by means of the use of equation 3 within the 

software.  

 

It is obvious from the results in figure 7 that for the same 

voltage level, the systems containing pure gel will reach the 

highest field strength followed by the filled gel with fixed 

permittivity and ultimately the filled gel when non-linearity 

is also accounted for. The enhanced permittivity of the 

filled gel reduces the peak electric field within the module 

by around 10%. However, when the non-linear performance 

of the filler is accounted for, the reduction is increased to 

24% at 6kV and 29% at 12kV as shown in Table 1. 
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Figure 7. Maximum field strength versus applied voltage for three 

different conditions 

Table 1. Maximum field observed in the model for different gel types 

(values in brackets represent magnitude of peak field compared with 

unfilled gel) 

   Applied 

Voltage (RMS) 

Gel Only 

(kV/mm) 

Filled Gel (Fixed 

Permittivity) 

(kV/mm) 

Filled Gel 

(Non-Linear) 

6kV 22 19.9 (90%) 16.7 (76%) 

12kV 44 39.8 (90%) 31.1 (71%) 

5. EXPERIMENTAL TESTING OF SUBSTRATE-
GEL SAMPLES 

Given the promising results from the modeling, actual 

samples were produced and tested within the laboratory. 

The samples tested consisted of a metallised aluminum 

nitride substrate. Two metallic connections were soldered 

onto the collector and the emitter. These were used to 

connect wires for eventual connection to the HV test 

equipment. The collector was connected to the high voltage 

electrode while the emitter and all the small metallisation 

components within were connected to earth. This is a 

similar test arrangement to that used by other researchers [5, 

10, 21] with the exception of the way the collector and 

emitter are connected. 

 

Following inspection of the samples to ensure that they 

are clean, they are placed in a container whose sides are a 

sufficient distance from the edge of the metallisation so as 

not to influence the electric field. For samples using 

unfilled gel, silicone gel is then poured into the container to 

encapsulate the substrate. Once the silicone gel has been 

poured, the samples are degassed under a vacuum for a 

period of 15 minutes before being cured in an oven at a 

temperature of 90°C for one hour. The filled samples are 

made in the same way but 15% by volume of barium 

titanate was introduced into part A of the silicone gel and 

thoroughly mixed before addition of part B. The same 

vacuum and cure process was used on these samples. The 

final test piece is as shown in Figure 8. 

 

 

Figure 8. Substrate embedded in gel as used in the partial discharge and 

breakdown tests  

A set of 60 samples including 30 unfilled and 30 filled 

with 15% barium titanate by volume were made and then 

placed in an environmental chamber. These samples were 

thermally cycled in an environment with an average relative 

humidity of 25%. The thermal cycling took the temperature 

from 20°C to 90°C and back, the temperature being 

changed over a 20 minute period with the temperature being 

held at each level for 20 minutes.  

 

When the samples were tested, they were placed in a 

darkened enclosure in which a night-vision camera was 

placed. This allowed visible records of discharge location to 

be collected (in the case of the unfilled samples only – the 

filled samples not being translucent). A transformer, fed 

from a variable voltage mains supply, was used to energise 

the samples. A conventional partial discharge measurement 

circuit according to IEC 60270 was used to measure the 

discharge inception voltage and partial discharge 

distribution. A typical image captured from the night vision 

camera during the tests is shown in Figure 9. Discharge can 

be seen in this example both at the edge of the metallisation 

on the outer edge of the collector as well as within the 

collector-emitter gap. It is this latter form of discharge that 

would not have been observed by other researchers. 

 

 

 
Figure 9. A typical image as recorded by the night vision camera  
 

Discharge 

Locations 
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    When testing the samples, the 50Hz supply voltage was 

raised at 500V/s until the inception voltage was measured. 

After collecting 60s of partial discharge data, the voltage 

was further increased until a breakdown of the sample 

occurred. The results of these tests for 30 samples in each 

case are plotted in Figure 10. This shows the cumulative 

probability of reaching the partial discharge inception 

voltage. 
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Figure 10. Probability of failure in partial discharge in both filled and 

unfilled samples 
 

   The filled gel shows a clear improvement in terms of the 

PD inception voltage in comparison with unfilled modules. 

The improvement in performance is not linear over the 

probability range. This is to be expected since at higher 

voltages, the non-linear nature of the filled gel provides an 

ever increasing performance advantage in comparison to the 

unfilled gel. Table 2 summarises a number of partial 

discharge inception voltages corresponding to the 10th, 50th 

and 90th percentile.  

 

Table 2. Probability of failure at different voltage level in both filled and 

unfilled gel  

Percentile 
Voltage for unfilled 

samples / kV 

Voltage for filled 

samples / kV 

%age 

increase 

10% 7.7 8.4 9.1 

50% 8.6 11.8 37.2 

90% 10 15.3 53.0 

 

Examining the FEA results at these voltages allows us to 

examine the values of peak field seen at the substrate-gel 

interface when partial discharge occurred. These values are 

given in the table below: 

Table 3. Peak field at substrate-gel interface when discharge occurred in 

filled and unfilled samples 

Prob. of 

failure 

Peak Field for 

unfilled samples 

(kV/mm) 

Peak Field for filled 

samples  

(kV/mm) 

10% 28.3 22.7 

50% 31.5 30.6 

90% 36.7 38.1 

 

The data in this seems to suggest that failures will happen 

at similar levels of electric field in both sets of sample (the 

filled gel means though that this level of field happens at a 

higher voltage). At the 50th percentile of partial discharge, 

the peak field in unfilled is 31.5kV/mm while for the filled 

gel it appears to be 30.6kV/mm. This result once again 

confirms that the non linear property of filled gel will 

reduce the peak field in the sample and therefore improve 

the performance at higher voltage.   

6. EXPERIMENTAL TESTING OF ACTUAL IGBT 

MODULES 

In addition to the tests detailed, a number of actual IGBT 

modules have been tested. These modules are intended to 

operate at 3.3kV and have been sourced directly from a 

manufacturing production line. Twelve samples were tested 

in total using the method given in IEC 61287 [2]. Six of the 

test samples used an unfilled gel while the other six used a 

filled gel containing 15% by volume of barium titanate. The 

results of the partial discharge tests are as shown in Table 4. 

Whether looking at the maximum, mean or minimum 

partial discharge inception voltage of the samples, a 60% 

improvement is always seen. This vastly exceeds the 

improvement seen for the simpler test samples but may be 

related to the slightly different test configuration that has to 

be employed for samples populated with devices and the 

better conditions that exist in the manufacturing 

environment for the production of test objects. 

Table 4. Partial discharge inception voltages of actual 3.3kV modules 

with filled and unfilled gel  

 Unfilled Gel / 

kV 

Filled Gel / kV %age 

increase 

Maximum 8.0 13.4 67.5 

Mean 6.3 10.1 60.3 

Minimum 4.8 7.8 62.5 

7. MANUFACTURING ISSUES 

While the use of filled gels has been shown beneficial 

from the perspective of partial discharge control, it is 

important that they are still able to provide manufacturers 

with physical properties that do not differ significantly from 

those of the unfilled gels. To verify the potential impact of 

fillers on the physical properties of the gels, the thermal 

conductivity, density and viscosity of unfilled and filled 

samples have been either measured or calculated. 

 

In terms of density, the silicone gel used in this set of 

trials has a density of 0.96g/cc when set. Barium titanate 

has a density of 5.95g/cc. When 15% by volume of barium 

titanate is added to the gel, the density will rise to 1.7g/cc, 

an increase of 77% over unfilled gel. As the silicone gel 

used in a 3.3kV module typically constitutes around 14% of 

the total weight, this implies that the use of a filled gel will 

add around 11% to the total weight of a module.  

 

Using a Brookfield viscometer, the viscosity of the 

unfilled and filled gels was measured just after mixing the 

two-parts of the raw material (the barium titanate was added 

to part A of the gel before part B was added). The viscosity 

of the filled gel was increased by around 5 times at 15% by 

volume. Although this is a significant increase, the filled 
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composite was still capable of being poured into the module 

and it flowed well through the module, being evenly 

distributed once a vacuum had been applied. 

 

 In general, dielectric materials should be low loss to 

avoid concerns relating to thermal breakdown. The 

inclusion of barium titanate gives rise to an 18 times power 

loss of the silicone gel (15W in unfilled compared to 279W 

in filled at 3kV peak voltage). However, as the heat 

generation in power electronic modules of the type tested in 

this work can be in the order of 9.6kW in transistors, such 

an increase in loss tangent is not of significant concern. 

 

The thermal conductivity of both filled and unfilled gel 

was measured. As expected, the inclusion of the filler in the 

gel improved the thermal conductivity from 0.161K/mW to 

0.22K/mW. The gel would not normally constitute a path in 

a module through which significant heat flows would take 

place but an increase in thermal conductivity would help 

eliminate hot spots located around the substrate / gel 

interfaces. 

8. CONCLUSIONS 

Silicone gels filled with 15% barium titanate by volume 

have been tested using 50Hz voltages to measure their 

permittivity over a range of electric fields. They are shown 

to exhibit a non-linear behaviour in which the permittivity 

increases as a function of the applied electric field. 

 

Finite element simulations demonstrate that the use of 

such gels in power electronic modules could significantly 

reduce electric field levels around the edges of the substrate 

metallisation, a location often considered to be the weak 

point of power electronic modules. 

 

Experimental measurements of partial discharge 

inception voltages and breakdown voltages were taken 

using samples in which the peak fields occurred at the edge 

of substrate metallisation. The use of barium titanate filled 

gels was shown to significantly increase partial discharge 

inception and breakdown voltages when the samples were 

energised with 50Hz.  

 

No significant manufacturing challenges are foreseen to 

exist if filled gels are implemented. A slight weight increase 

will take place but this is not significant considering the 

increase in voltage capability that would occur, i.e. the use 

of filled gels would allow an increase in power density. 

Although the viscosity of the filled gel is higher than the 

unfilled, given that it is still applicable and the advantage it 

offers, this is considerable promising.  
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