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Abstract 

 

Materials based on epoxy present high insulation performance and are therefore often used for 

High Voltage (HV) Power Equipment such as rotating machines or dry transformers.  

A previous internal study made at ABB showed that an improvement of the breakdown strength 

of the epoxy up to 25% was possible by using additives. The aim of this present prove of concept 

was to check if the same improvement could be reproducible. New additives, with functional 

groups similar to those presenting high results, were also tested. A total of 15 organic molecules 

were investigated in order to determine if they would be suitable to improve the critical 

properties of epoxy and what would be their action mechanism. 

The AC breakdown strength and glass transition temperature of the new formulations were the 

two properties used to make a selection. 

A first run of experiments showed that 6 additives out of 15 increase the breakdown strength of 

the epoxy by 10% or more. Concerning the glass transition temperature, only three formulations 

had a difference of less than 5 °C compared to neat epoxy. 

Formulations containing combinations of the most promising additives were made, most of them 

showed high improvement of the breakdown strength due to a synergetic effect. 

Finally, using only one additive, an improvement of 27% of the breakdown strength could be 

achieved without changing the glass transition temperature. The highest increase of the 

breakdown strength (+ 31%) was reached with a combination of two additives but the glass 

transition temperature was lowered by 11 °C. 

It could also be verified that the additives have a negligible impact on other characteristics of the 

resin such as viscosity, mechanical properties (storage modulus) or dielectric properties (relative 

permittivity, dielectric loss factor, electrical conductivity). 
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1 INTRODUCTION 

High voltage (HV) currents have a voltage higher than 52 kV (and up to 1500 kV). HV power 

equipment, which can be involved in the transformation (dry transformers), regulation 

(switchgears, circuit breakers) or transport (bushings, outdoor insulators) of such currents, 

require highly reliable insulation parts. Epoxy resins are usually used since they have high 

electrical properties combined with high mechanical properties, thermal stability and good 

chemical resistance [1]. In some applications, like transformers and bushings, oil can also be 

used for electrical insulation. However, epoxy presents the advantage of being fire resistant and 

more ecological. 

The products, which are currently in use, do not show any severe insulation loss. However, the 

development of new epoxies systems with enhanced electrical properties would allow to 

elaborate new products as well as to redesign the existing ones. 

The study will be focused on potential additives (organic molecules) which could improve the 

insulation properties of one of the most commonly used epoxy in high voltage power equipment. 

The following sections will give an overview of the behaviour of epoxy when submitted to an 

electrical field and how additives could have a positive effect on the electrical properties. 

1.1 State of the art 

Since this thesis was realized in collaboration with ABB CHCRC, the state of the art concerning 

previous research made on additives for insulation material is mainly based on internal reports 

whose results are confidential and consequently cannot be shown. 

1.1.1 Dielectric material 

Epoxy is a dielectric material: when it is subjected to an electrical field, the molecules can 

change orientation [2], creating a dielectric polarization (Figure 1). This rearrangement allows a 

reduction of the internal field in the material while preventing the passage of the current. 

 

Figure 1. Dielectric material without any electrical field (left) and with applied voltage 

(right) [3] 
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The polarization can be measured by the relative permittivity. When an AC current is applied, 

the dipoles reorient themselves continuously causing energy losses which can be evaluated by 

the loss factor tanδ depending on the frequency and temperature. 

1.1.2 Electrical Breakdown  

The electrical breakdown strength of a material is the limit voltage which can be applied without 

causing a loss of the insulation properties [4]. When the electric stress is higher than this value, 

the material is degraded and a conducting channel can be formed: a breakdown occurs (i.e. the 

current is able to pass through the material). 

An electrical breakdown can have two main causes. The first mechanism is due to electron 

avalanche. In this case, when the current is high enough, free electrons can be released and are 

accelerated by the electrical field applied. If they acquire enough kinetic energy to collide with 

atoms, additional electrons will be free, this process damages the matrix. The second case is 

when there are partial discharges which correspond to an ionization in the surrounding 

environment (oil or gas) or in impurities and voids present in the material. This localized 

phenomena can degrade the surrounding polymeric bonds and at long term create an electrical 

tree. 

The current can also be passing through the material due to thermal breakdown (at high 

temperature) or due to water breakdown (long term degradation). However, these two process 

will not be taken into account for this study since it will focus on the mechanisms directly linked 

to electron action. 

1.1.3 Improvement of the electrical breakdown strength 

In order to improve the insulation performances of the resin, nanoparticles could be a possibility 

[5]. However, they usually induce an increase of the viscosity and tend to agglomerate. New 

epoxy formulations with nanoparticles would then also require changes of process. Another 

solution, which is the one which was investigated in this study, is the use of organic molecules as 

additives. 

The action mechanism of the additives increasing the breakdown strength of material can be 

explained by the fact that, in order to prevent damages of the matrix, some molecules are able to 

absorb the energy of free electrons. For example, structures with aromatic rings are able to have 

delocalized π electrons, this allows the formation of a stable anionic radial by trapping a free 

electron. In order to have even more efficient additives, the molecules should be able to release 

the energy of the electron by emitting a fluorescent or phosphorescent radiation [6]. 

1.2 Scope 

It has been proven that it is possible to improve the breakdown strength of a material such as 

polyethylene [7] or silicone [8] due to additives. The aim of this study is then to determine if 
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additives, which are already used for improving the electrical properties of other materials, can 

also be used for epoxy. 

Significantly increasing the breakdown strength of epoxy means that less material would be 

needed to reach the same insulation level as with the epoxy currently used. The products could 

then be redesigned which would represent a financial advantage by reducing the costs of raw 

material.  

1.3 Approach 

The aim of this work is to realize a proof of concept concerning the efficiency of organic 

additives to increase the breakdown strength on epoxy. The final objective was the casting and 

testing of demonstrators made with the two formulations which showed the most promising 

results after electrical and thermal testing in the laboratory. 

Based on a previous internal study [9], the first step of the project consisted in casting epoxy 

plates with 15 potential additives belonging to different chemical families. Then, in order to 

make a pre-selection of the ones which could be suitable for HV insulation parts, two properties 

were analysed: the AC breakdown strength (which should be as high as possible) and the glass 

transition temperature (which should be as close as possible to the one of the neat epoxy). 

Further experiments (mechanical testing, change of process, combinations) were performed with 

the four formulations showing the most promising results in order to find the two optimal 

formulations. Their viscosity as well as on the dielectric properties were analysed and compared 

to the ones of neat epoxy and finally demonstrators were cast. 

2 MATERIALS AND METHODS 

2.1 Epoxy 

The epoxy used in a typical HV power equipment and studied during this project is composed of 

the following elements
1
: 

- Epoxy resin 

- Hardener 

- Flexibilizer 

- Catalyst 

2.2 Additives 

A previous study made at ABB CHCRC [9] allowed to determine the structure of potentially 

efficient additives to increase the AC breakdown strength. Such molecules should be highly 

                                                 

1
  The chemical structures, providers and proportions will be kept confidential 
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conjugated or containing at least one aromatic ring. Based on these assumptions, fifteen additives 

presenting different functional groups were then chosen to be tested. They will be named with a 

letter corresponding to their chemical family and a number: 

- A1, A2 

- B1, B2, B3 

- C1, C2, C3 

- D1 

- E1, E2, E3, E4, E5, E6 

E1 and E2 are linear molecules with similar functional groups and a similar substructure, it is 

also the case for E3 and E4. 

2.3 Casting of epoxy plates 

The epoxy plates were cast using steel moulds on which a release agent (Loctite 770-NC, 

Frekote) was applied three times. During each casting three 1mm thick plates (18.5x22cm) were 

produced. 

The standard procedure with which all the formulations with potential additives were cast is the 

following: 

- The hardener and flexibilizer were mixed together for 30 minutes in an oven with a stirring rate 

of 300 rpm. The initial temperature was 120 ⁰C and the oven was switched off at the moment the 

mixing started. After half an hour the temperature was around 110 ⁰C and the flexibilizer was 

completely dissolved in the hardener. 

- The catalyst and the additive (for the new formulations) were added. The mixture was stirred at 

300 rpm for 10 minutes using the same oven as in the previous step, the temperature decreased 

from 105 ⁰C to 100 ⁰C. 

- The mixture was cooled down by being stored at ambient temperature for 15 minutes. Reducing 

the temperature allowed to delay the polymerization of the epoxy after the addition of the resin. 

- The resin (pre-heated at 60 °C) was added and the mixture was stirred also at 300 rpm under 

vacuum (4 mPa) in the same oven for 1 hour. The container was placed on a wooden support to 

avoid the contact with the hot bottom wall of the oven. During this step the temperature was 

going from 95 ⁰C to 75 ⁰C. 

- The mould, which was pre-heated at 60 ⁰C at least for 2 hours, was tilted and slowly filled with 

the mixture to avoid the creation of bubbles. 

- The mould was placed in the oven under vacuum for 10 minutes (70 ⁰C to 68 ⁰C). 
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The resin was then cured 10 hours at 120 ⁰C. The plates were taken off the mould and placed 

horizontally between steel plates for the post curing: 10 hours at 140 ⁰C. 

2.4 Testing 

2.4.1 AC breakdown tests 

The AC breakdown tests were made with a Baur Oil Tester DTA 100 (Figure 2). They are 

performed to determine the AC breakdown strength of the material, the procedure was made 

according to the standard IEC 60243-1 [4]. 

Square sample of 50x50mm were cut from the 1mm plates produced by casting. 

 

Figure 2. AC Breakdown test device (Baur Oil Tester DTA 100) 

 

The device is composed of a tank with two spherical electrodes (12 mm in diameter) between 

which the sample is placed. The vessel was filled with 400 ml of mineral oil which had been 

degased overnight at 10 mbar at 60 °C and then cooled down to room temperature. Even if the 

mineral oil has a lower breakdown strength than the epoxy, the plates are big enough to avoid 

flashover (i.e. current passing in the oil). From 10 to 15 samples of each additive were tested and 

the oil was changed for each new series.  

For all the tests, the voltage increase rate was 2 kV/s. The device gives the value of the voltage 

applied when the breakdown occurred. The breakdown voltage was divided by the thickness of 

the sample in order to obtain the normalized values (in kV/mm) [10]. 

A break of two minutes was made between the moment the sample was set in the device and the 

beginning of the measurement so that the bubbles possibly formed during the change of sample 

could reach the surface. 
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2.4.2 Weibull analysis 

The data from breakdown strength measurements were first treated with the software Weibull 

Stat, using the following models: White fit and Monte Carlo confidence intervals (90% - 1000 

runs). The algorithm of the software allows the calculation of: 

- The scale parameter α (in kV/mm) which corresponds to the value for which 63.2% of the 

sample present an electrical breakdown, it can also be considered as a value of the AC 

breakdown strength of the material. 

- The shape parameter β which is linked to the scattering of the results: the higher it is, the more 

stable the material is. 

- The life at 0.1% failure in (kV/mm) which corresponds to the value for which 0.1% of the 

sample present electrical breakdown, it is important to know the reliability of the system.  

The average value was also calculated, and the standard deviation was determined to take into 

account the scattering of the results and to know to what extent different series can be compared. 

2.4.3 Differential Scanning Calorimetry (DSC) 

DSC is used to determine the glass transition temperature (Tg) of the different materials. It also 

gives access to information concerning the curing degree of the system. The device was Pyris 1 

DSC. The tests were made following the standard ISO 11357-1 [11]. 

For each formulation, one sample of about 15 mg was cut from the plates and put in an 

aluminium pan for the measurement. 

The thermal cycle applied was first a heating from 0 °C to 250 °C with a rate of 10 K/min. The 

temperature was kept constant for 5 minutes at 250 °C to give time to the system to reach 

equilibrium. The cooling was made with a rate of 30 K/min. This cycle was applied two times in 

a row for each sample. The purge gas was nitrogen with a flow of 20 ml/min during the whole 

experiment.  

The Tg was determined using the tangent method. It corresponds to the temperature at which the 

heat capacity is reduced of ½ ΔCp. If the Tg is the same for both runs it means the system is fully 

cured. 

2.4.4 Dynamical Mechanical Analysis (DMA) 

The influence of the additives on the mechanical properties was evaluated with DMA. The 

device is a Perkin Elmer DMA 7e. The tests were made in accordance to the ASTM standard 

D5023-95a [12]. 
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The mode used was 3-point bending and the size of the samples was 23x4x1 mm, they were cut 

directly from the plates. 

The loading frequency was 1 Hz, the temperature range was from 50-150 °C with a heating rate 

of 3 °C/min. The static force applied was equal to 40 N, and the dynamic one 32 N (80% of the 

static force). The forces were chosen to ensure that at the beginning of the test the force applied 

will induce a linear elastic deformation. Nitrogen with a flow of 20 ml/min was used as purge 

gas. 

Even if electrical properties are the most important for the epoxy studied, the mechanical 

properties should not be too modified by the additives. The DMA measures the storage modulus 

E’ which is proportional to the energy stored during one loading cycle, the loss modulus E’’ 

which is proportional to the energy dissipated during one loading cycle and the loss factor tanδ 

which is the ratio between E’ and E’’ [13]. The values of the storage modulus will be used to 

evaluate if there is any significant difference between neat epoxy and the ones containing 

additives. 

DMA also allows the determination of the glass transition temperature. There are several ways to 

calculate it, either by using the tangent method on the curve of the storage modulus or by peak 

evaluation on the curve of the loss modulus. The result from the first technique depends on how 

the tangent points are placed on the curve whereas the peak maximum is a direct method and 

easier to apply. 

2.4.5 Optical Microscope 

To image the breakdown channel an optical microscope (Zeiss Imager M2m) was used. The 

images were acquired with an Axiocam 503 color camera. Bright field transmission was used, 

and with Z-stack mode images of the breakdown channel on the surface but also through the 

material could be made. The image treatment with Extended Depth of Focus correction allowed 

to combine these images in order to have one representing a projection in one plan of the 

breakdown channel with all the branches. 

2.4.6 Fourier Transform Infra-Red (FTIR) Spectroscopy  

To obtain information on the chemical groups and bonds present in the formulations, FTIR 

spectroscopy was used. The device was Thermo Scientific Nicolet™ iS™50. 

No special preparation was required to characterize the epoxies, a piece of the plate was directly 

placed in the device; for liquid additives a drop was poured on the crystal. 

The beam splitter used is a KBr crystal. The data were collected using Attenuated Total 

Reflection (ATR) mode. The spectra obtained is composed of the average of 16 scans. The range 

of wave length for the data collection was from 4000 cm
-1

 to 400 cm
-1

 with a resolution of           

4 cm
-1

. 
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2.4.7 Viscosity evaluation 

The viscosity of the resin has an impact on the processing durations which can be used. To 

evaluate it, a mixture of epoxy resin, hardener, flexibilizer and catalyst was prepared and the 

additive was added at the end of the process and stirred for 10 minutes. Then the formulation was 

poured in aluminium dishes and stored at different temperatures (60 °C, 80 °C, 100 °C and     

120 °C). The viscosity of the resin was frequently checked by moving the aluminium dishes. The 

critical time was considered as being the moment when the resin showed a significant change of 

viscosity (i.e. stick to the aluminium dishes when it is upside down). The initial time 

corresponded to the moment the resin was put in the oven. 

This measurement is more qualitative than quantitative but it still allows to compare the different 

materials one with each other. 

2.4.8 Dielectric spectroscopy 

Dielectric spectroscopy was used to measure the dielectric properties of the materials. A fully 

automated Alpha-A dielectric analyser from Novocontrol was used. The system consists of a 

ZGS Alpha active cell and includes an automatic temperature control unit (Quatro cryosystem) 

with a precision of 0.1 °C. It allowed to record the relative permittivity ε’ which represents the 

amount of polarization, loss factor tanδ and the electrical conductivity σ. 

Square samples of 38x38 mm were cut from the plates, they were coated by evaporation with 

chromium and then with gold to improve the electrical contact. This additional layer has a total 

thickness of about 100 nm. The sample were dried under vacuum for 10 days at 30 °C before 

being tested. 

During the measurement the frequency was varied from 10 mHz to 1 MHz. Each sample was 

measured at different temperatures from 30 °C to 150 °C. A sinusoidal voltage of 1-3 Vrms was 

applied across the samples. 
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3 RESULTS AND DISCUSSION 

3.1 Pre-study with all the additives 

The first part of the project consisted in casting plates with formulations containing each additive 

at a concentration of 2 wt%. 

3.1.1 Evaluation of the plates after casting 

All the plates had a homogeneous aspect and a yellow-orange colour except for the one with D1 

which presented dark and light areas (Figure 3). 

 

Figure 3. Heterogeneous epoxy plate with 2 wt% D1 

 

In figure 3, a frame of shrinkage marks of about 3 cm of width is also visible on the surface of 

the plate, it was present on all the plates including neat epoxy. Currently no solution was found 

to avoid it, the samples used for the tests were not taken from the shrunk parts. 

The only additive which was not soluble into the resin was C3 (Figure 4): after curing a thin 

deposit layer was visible at the bottom of the plates. 
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Figure 4. Epoxy resin + C3 2wt% 

 

3.1.2 Effect of 2 wt% additives on the AC breakdown strength 

Except for E4, all the additives induced a raise of the AC breakdown strength (Table 1). With 

some of them, a significant improvement (10% or more) of the scale parameter α could be 

reached. The highest increases were obtained with B1 (+15%), E2 (+14%), E3 (+13%), E1   

(+10%), B3 (+10%) and D1 (+10%). 

At first the group E was only composed of E1 and E2. Since both showed an improvement of the 

breakdown strength higher than 10%, other additives belonging to the same chemical family 

were added to the list (E3, E4, E5 and E6). 

Because of a calibration change in the device, E6 was cast but could not be tested to obtain 

results comparable to the other materials.   

The shape parameter β of the different additives are quite similar (between 8 and 12). The only 

exception is the formulation with A1 for which β reaches 21. This high value means a low 

scattering of the breakdown strength measurements. The material would be more reliable with a 

lower probability of breakdown at a low voltage (this is also visible on the life at 0.1% failure 

which is higher than for all the other formulations). 
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Table 1. Electrical Breakdown of formulations with 2 wt% additive 

 α [kV/mm] β [-] Failure 0.1% [kV/mm] α Imprv [%] 

Reference 52.3 9.1 24.5 Ref 

A1 56.8 21.3 41.0 + 9 

A2 56.8 9.0 26.2 + 9 

B1 59.9 8.4 26.3 + 15 

B2 53.5 7.6 21.6 + 2 

B3 57.7 8.2 25.0 + 10 

C1 53.5 10.1 27.0 + 2 

C2 57.2 10.5 29.6 + 9 

D1 57.6 11.5 31.6 + 10 

E1 57.7 9.9 28.7 + 10 

E2 59.4 11.9 33.3 + 14 

E3 59.0 9.5 28.6 + 13 

E4 50.6 10.2 25.6 - 3 

E5 54.1 9.0 25.1 + 3 

  See Appendix 1 for entire test results 

E5 has a chemical structure similar to the one of the epoxy resin and could be incorporated in the 

epoxy chains. It has a low influence on the breakdown strength of the material, it can be assumed 

that it reacts the same way as the epoxy resin when submitted to an external electric field since 

they have similar functional groups. The same reasoning can be applied to B1 and the 

flexibilizer. 

In the group E, the only difference between E1/E2 and respectively E3/E4 is substructure. If the 

functional groups can trap an electron by forming anionic radicals, it can be assumed that the 

repeat unit of the chain can help stabilizing the structure and consequently delaying the 

breakdown of the epoxy. 

3.1.3 Effect of 2 wt% additives on the glass transition temperature  

The mechanical and electrical properties of a material change around the glass transition 

temperature. The Tg of the different formulations was measured (Table 2) to check the influence 

of the additives. The effect should be as low as possible to ensure that the material will still be 

suitable for application conditions. 

All the additives induce a decrease of the glass transition temperature. The ones with the lowest 

variation are: B3 (- 1 °C), D1 (- 5 °C) and A1 (- 5 °C). The highest decrease were obtained with: 

E6 (- 18 °C), B1 (- 16 °C) and E3 (- 14 °C). 

Some additives did not allow to reach a fully cured system (A1, C1, D1, E3, E4 and E6) which 

could mean that they slowed down the curing kinetic of the polymerization. They could also 
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influence the system by changing the optimal curing temperature or the activation temperature of 

the catalyst. 

Table 2 presents the results of the DSC measurements
2
. For each formulation, the difference 

between the Tg measured during the first and second run was calculated (See Table 2 Tg2 – Tg1). 

The variation of the second run Tg compared to the one of the neat epoxy is also given. 

 

Table 2. Tg of formulations with 2 wt% additives 

 Tg 2 - Tg 1 [°C] Variation Tg /Ref [°C] 

Reference 1 Ref 

A1 9 - 5 

A2 0 - 9 

B1 3 - 16 

B2 0 - 7 

B3 1 - 1 

C1 7 - 9 

C2 3 - 9 

D1 5 - 5 

E1 1 - 9 

E2 2 - 10 

E3 5 - 14 

E4 7 - 8 

E5 2 - 9 

E6 4 -18 

 

The glass transition temperature corresponds to the temperature at which the polymer chains 

become mobile. Depending on the way the additives are interacting with the epoxy resin, 

hardener and flexibilizer, their influence on the Tg will not be the same but a reduction can be 

expected. 

It can be assumed that, if: 

- The additives are not incorporated into the chains, they would have the same effect as 

plasticisers: creating space between the polymer chains which would make the movements 

easier. The larger the additive is, the more space it will create, which results in a lower the Tg. 

                                                 

2
 The values of the glass transition temperatures will be kept confidential 
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- The additives are incorporated into the chains, it will increase the free volume which means the 

chain motion is easier and the Tg is lower. 

- The additives are reacting with the epoxy resin, flexibilizer or hardener but have only one 

functional group they will act as a chain stopper. The chains will be shorter and more mobile 

than longer chains, the Tg will then be decreased.  

If the catalyst reacts with the additives instead of the epoxy and hardener, the kinetic of the 

polymerization reaction could be slowed down, the chains would be shorter and the curing 

degree reduced. The Tg would then be lowered for a given curing time. 

From the results, no link between the chemical family/functional group and the influence on the 

Tg can be observed. 

3.2 Selection of the promising candidates 

The ideal material should present an increased breakdown strength compared to neat epoxy 

while keeping a glass transition temperature as close as possible to the reference material. 

The Tg and electrical breakdown strength were plotted one against each other to have an 

overview of the influence of the additives on these two properties (Figure 5). 

It does not seem to be any correlation between the impact of the additives on the electrical 

breakdown strength and the glass transition temperature variation (Figure 5). From the results, no 

trend between the chemical family of the additive and the influence on the properties can be 

noticed either. 

 

Figure 5. Electrical breakdown strength α against the glass transition temperature for all 

the formulations (2 wt% additive) 
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Based on the two criteria (AC breakdown strength and Tg), B3, E2 and D1 were selected for 

further investigation. Although B1 showed a decrease of the Tg of 16 °C, it was also chosen since 

it was the one providing the best improvement of the breakdown strength. 

Epoxy with A1 was the most reliable material (high shape parameter) while inducing a low 

decrease of Tg (- 5 °C) and acceptable increase of the breakdown strength (+ 8.6%), since it is on 

ABB List of Restricted Substances [14] so it was decided not to go on with further experiment 

with it. 

3.3 Investigation of the promising additives 

Four additives which presented encouraging results (Table 3) were selected. In this section their 

effect on the mechanical properties was evaluated with DMA. Formulation containing a mix of 

two additives were also made. The effect of the process on the formulations with additives was 

as well investigated. 

Table 3. Summary of the properties of the chosen additives 

Additive α [kV/mm] Variation Tg /Ref  [°C] 

Reference 52.3 Ref 

B1 59.9 - 16 

B3 57.7 - 1 

D1 57.6 - 5 

E2 59.4 - 10 

3.3.1 Dynamical Mechanical Analysis 

At 50°C, the difference of the storage modulus is negligible between neat epoxy and epoxy with 

B1, B3 and E2 (Table 4). However, the addition of D1 results in an increase of 19% of the 

storage modulus which is high and should be taken into account, if this formulation is selected to 

replace the reference material. 

To perform DMA with 3-point bending mode, the temperature range and forces were first 

determined on neat epoxy samples. The force applied should allow to observe strain at 50 °C 

(initial temperature) but not too high to avoid reaching the limit of the device at higher 

temperatures. However, with a low force applied (max 72 N), the epoxy which is an amorphous 

material, became too soft above the glass transition temperature and strains reached were too 

high (more than 600 µm). 

To overcome the limitation of force and temperature range, DMA in compression mode would 

be more suitable to evaluate the storage and loss moduli [13]; unfortunately, this technique was 

not part of the testing equipment available. 

Concerning the glass transition it will be considered as the temperature at which the loss 

modulus reaches its maximum (Figure 6). 
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Figure 6 Storage and Loss moduli for epoxy with B3 2wt%
3
 

 

Since plastic deformation is induced during the first run, the storage and loss modulus measured 

during the second run are those of the plastically strained material. However according to [13], 

the data obtained from DMA analysis for amorphous thermoset – such as epoxy – are still 

relevant, if the material has not been submitted to a temperature higher than Tg. The storage 

modulus of the 1
st
 run can be used to compare the samples one with each other. 

Compared to the reference material B3 increases the glass transition temperature by 1 °C     

(Table 4), whereas the other additives reduce it. The maximal difference is – 7 °C (B1 and E2). 

 

Table 4. Storage modulus and Glass transition temperature obtained with DMA 

 E’ @50°C 1
st
 run 

[Pa] 

Tg 2 - Tg 1 

[°C] 

Variation 

Tg/Ref DMA  

[°C] 

Variation DSC 

Tg/Ref DMA 

[°C] 

Reference 1.88E+09 1 ref - 22 

B1 2.07E+09 3 -7 - 13 

B3 1.93E+09 2 + 1 - 20 

D1 2.23E+09 4 -6 - 23 

E2 1.90E+09 1 -7 - 20 

 

It was expected that if the decrease of Tg is caused by additives placed between the chains, the 

storage modulus (which is linked to the stiffness) should be reduced. However no trend could be 

observed between the impact of the additives on the storage modulus and on the Tg. 

                                                 

3
 No scale on x-axis since the Tg is kept confidential 
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DMA gives a first estimation of the influence of the additives on the mechanical properties, 

however to perform a more complete analysis, static testing on longer samples should be made. 

The lower the heating rate, the more time the polymer chains will have to rearrange themselves 

depending on the temperature. With DMA, the heating rate was 3 K/min whereas DSC was 

performed with an increase of 10 K/min. It is expected that the Tg measured with DMA will be 

lower than the one measure with DSC. However, the trend compared to the reference should be 

the same whichever technique is used. It is the case with for B3, D1 and E2: the values are 

shifted of about 20 °C between DSC and DMA but keeping similar differences compared to the 

reference material. The only significant difference is obtained with B1 for which the Tg is only      

-7 °C with DMA whereas it was -16 °C with DSC. 

3.3.2 Combinations of additives 

Combinations of the four promising candidates were made in order to see if there is any 

synergetic effect which would manifest an improvement of the electrical and thermal properties 

even higher than the one reached when only one additive is used. 

The standard casting process was used adding 1 wt% of each of the two additives chosen. 

3.3.2.1 Effect of the combinations of additives on the AC breakdown strength 

All the formulations improve the AC breakdown strength compared to neat epoxy (Table 5 and 

Table 6). The combination of B1 and E2 is the one presenting the highest increase (+30.9%). The 

combination of B3 and E2 is the only one showing a marginal breakdown strength improvement 

(+4.9%). 

Due to some calibration changes in the AC breakdown device, a new reference (“Reference 2”) 

was measured. 

With the combinations the improvement of the breakdown strength tends to be higher than with 

the use of only one additive.  

The combination B3 and B1 gave a value of the shape parameter of only 5, which means a high 

scattering of the results, the material was probably not homogeneous. 

Table 5. AC Breakdown strength for the combination of additives 

 α [kV/mm] β [-] Failure 0.1% [kV/mm] 

Reference 2 39.1 8.1 23.6 

B1 + B3  49.1 5.0 12.4 

B1 + D1 49.0 7.0 18.3 

B1 + E2 51.2 7.9 21.3 

B3 + D1 45.8 10.9 23.6 

B3 + E2 41.0 7.3 15.9 

D1 + E2 47.4 7.4 18.6 
   See Appendix 2 for entire test results 
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Table 6. AC breakdown strength improvement compared to the Reference 2
4
 

AC BD (α) B1 B3 D1 E2 

B1  + 26 % + 25 % + 31 % 

B3 + 26 %  + 17 % + 5 % 

D1 + 25 % + 17 %  + 21 % 

E2 + 31 % + 5 % + 21 %  

 

3.3.2.2 Effect of the combinations of additives on the Tg 

DSC was performed on the formulations with all combinations (Table 7). All of them showed a 

decrease of the glass transition temperature (Table 8). The results are still in an acceptable range 

(less than 16 °C difference which was the value obtained with B1). 

There is no visible trend between the results obtained when only one additive is used and when 

combinations are made. 

 

Table 7. Tg for the combination of additives 

 Tg 2 -  Tg 1 [°C] 

Reference 2 1 

B1 + B3 4 

B1 + D1 6 

B1 + E2 2 

B3 + D1  5 

B3 + E2 3 

D1 + E2 5 

 

 

Table 8. Tg changes compared to the Neat Epoxy 

Tg B1 B3 D1 E2 

B1  - 14 °C - 13°C - 11 °C 

B3 - 14 °C  - 8 °C - 11 °C 

D1 - 13 °C - 8°C  - 14 °C 

E2 - 11 °C - 11°C - 14 °C  

 

                                                 

4
 The values of the formulations with two additives will not be compared to the ones containing 

only one additive since the reference was not the same. 
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Making combinations of two additives tend to increase significantly the AC breakdown strength 

but it has a negative effect on the glass transition temperature. No trend could be observed 

between the impact on the breakdown strength and on the glass transition temperature. 

3.3.3 Influence of changes of process 

The process used in the lab (‘lab process’) for the casting of plates was chosen according to the 

process used in the production sites. To see if a modification of the process can have any impact 

on the electrical and thermal properties, different parameters (order of mixing, technique of post-

curing, post-curing time and temperature) were varied. The AC breakdown strength as well as 

the glass transition temperature of the materials were measured. 

3.3.3.1 Order of addition 

In the lab scale process, the hardener and flexibilizer are first mixed together. The catalyst and 

additive are added after 30 min, and after 25 minutes (including a cooling of the mixture) the 

resin is added. Two alternatives were studied: in the first one, which will be called “Process 1”, 

the additive was added at the end of the process, 1 hour after the resin; the second one, “Process 

2”, consists in mixing the catalyst and the additives directly at the beginning with the hardener 

and flexibilizer (Figure 7). 

 

Figure 7. Summary of process tested 
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3.3.3.1.1 Process 1 

Plates with the four promising candidates were made following Process 1. 

The AC breakdown strength average values obtained with the two different process are similar  

(less than 5% difference) for B1, B3 and D1 (Figure 8). 

 

Table 9. Influence of the Process 1 on the AC breakdown strength 

  α [kV/mm] β [-] Failure 0.1% [kV/mm] α Imprv [%] 

 Reference 2 39.1 8.1 16.6 Ref 

Lab 

process 

B1 2 46.5 7.8 19.2 + 19 

B3 2 49.7 11.5 27.2 + 27 

D1 2 42.3 9.0 19.5 + 8 

E2 2 40.2 12.2 22.8 + 3 

Process 1 

B1 45.4 6.2 15.0 + 16 

B3 50.2 6.7 17.9 +28 

D1 43.5 6.9 16.0 + 11 

E2 45.6 9.6 22.1 + 17 

    See Appendix 3 for entire test results 

 

 

Figure 8. Comparison of the influence of process on the average electrical breakdown 

strength for the promising additives 

- 3% + 3 % - 1% + 12% Variation Process 1 / 

Lab process 
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Because of the calibration change in the AC Breakdown test device, and the use of the new 

reference, it was also necessary to measure again the formulations cast with the lab process to 

compare the results
5
. For B1 and B3 non-tested samples were used. For D1 and E2, there were 

no remaining samples, consequently the tests were made on samples which already had an 

electrical breakdown. They were placed so that the electrodes were not in the area of the 

previous breakdown channel. However, it is not possible to ensure that the new results are not 

influenced by the first testing which could have caused some damages. This could explain the 

smaller improvement of the α value for these two additives (Table 9), especially E2 (only + 3% 

compared to + 14% for the first measurement). The high difference between the results of the 

two processes (+12%) for E2 can be related to the fact that the breakdown strength of the re-

tested samples cast with the lab process was lower than expected. 

For the four additives, the samples produced with the Process 1 all present an improvement of 

the breakdown strength higher than 10% compared to the reference. It is consequently 

considered that this new process will not influence negatively the electrical properties of the 

material. 

Concerning the glass transition temperature (Table 10), as for the lab process, all the 

formulations cast with the Process 1 have a lower Tg than the reference. B1 is the only additive 

for which the casting following the Process 1 led to a material with a higher Tg than when the lab 

process is used (Figure 9). The other show a decrease (up to 7°C for D1). 

With the Process 1, the Tg difference between the two DSC runs is increased (Table 10) which 

means that it leads to the systems with a lower curing degree than the lab process. 

Table 10. Influence of the Process 1 on the Tg 

  Tg 2 - Tg 1 [°C] Tg Var / Reference [°C] 

 Reference  1 Ref 

Lab 

process 

B1 3 - 16 

B3 1 - 1 

D1 5 - 5 

E2 2 - 10 

Process 1 

B1 4 - 14 

B3 2 - 6 

D1 9 - 12 

E2 4 -  13 

                                                 

5
 See Table 9 value are named “Additive” 2 
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Figure 9. Comparison of the Tg for the two process
6
 

 

3.3.3.1.2 Process 2 

A second process was investigated, however due to time constraint, only plates of neat epoxy 

and epoxy with E2 (one of the promising candidate) were cast (Table 11). 

Process 2 highly increases the AC breakdown strength of the neat epoxy but decreases the Tg      

(- 4 °C). For E2, the AC breakdown strength does not show any significant change but the glass 

transition temperature is reduced. 

 

Table 11. Comparison between the lab process and Process 2 

  α [kV/mm] β [-] Tg 2 - Tg 1 [°C] Var Tg/Ref [°C] 

Lab 

process 

Neat Epoxy 52.3 9.1 1 Ref 

E2 59.4 11.9 2 10 

Process 2 
Neat Epoxy 60.6 9.0 0 4 

E2 58.0 10.3 1 9 

 

                                                 

6
 No y-axis values are given since the glass transition temperature will be kept confidential 

+ 2°C - 7°C - 5°C - 3°C Variation process 1 /Lab 

process 
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The temperature difference between the two runs is increased which means the curing degree is 

reduced. One assumption is that E2 could react with the catalyst which would slow down the 

curing reaction. 

3.3.3.2 Post-curing 

Following the lab process, the plates were removed from the mould after curing and then placed 

again between steel plates for post-curing. The alternative is to do the post-curing directly after 

the curing leaving the plates in the mould without removing the screws (“Direct PC”). It is also 

possible to change the post-curing parameters (duration and temperature). 

3.3.3.2.1 Direct post-curing 

As for the study of the process 2, the direct post-curing was only studied with neat epoxy and 

epoxy with E2. 

The direct post-curing increases significantly the breakdown strength of the neat epoxy but does 

not influence the one with E2. The Tg of both materials were decreased (Table 12). 

 

Table 12. Influence of the post-curing process on the AC breakdown strength α and the Tg 

  α [kV/mm] β [-] Tg 2 - Tg 1 [°C] Var Tg/Ref [°C] 

Standard 

PC 

Neat Epoxy 52.3 9.1 1 Ref 

E2 59.4 11.9 2 10 

Direct PC 
Neat Epoxy 58.8 8.1 1 3 

E2 58.2 6 1 12 

 

3.3.3.2.2 Post-Curing parameters 

The samples cast with D1 presented a difference of 5 °C between the first and second run of the 

DSC. In order to see if it was possible to reach a fully cured system or to increase the glass 

transition temperature, some experiments changing the post-curing parameters were conducted 

on the formulation with D1.  

Eight samples were cast in aluminium dishes following the standard procedure and cured 10 

hours at 120 °C and then post-cured at different temperatures and for different durations. 

3.3.3.2.2.1 Influence of the post-curing temperature 

Some samples were post-cured for 10 hours at different temperatures: 140 °C, 150 °C and       

160 °C (Table 13) and the glass transition temperature was measured. 

The highest Tg is reached for a post-curing at 140 °C which is the one already used for the 

standard process. It can be assumed that at higher temperatures the epoxy resin starts degrading. 
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Table 13. Influence of post-curing temperature on the glass transition temperature of D1 

formulation 

Post-Curing  T [°C] Tg 2 - Tg 1 [°C] Tg Variation /Ref [°C] 

140 (Standard) 5 Ref 

150  5 - 4 

160 6 - 12 

 

3.3.3.2.2.2 Influence of the post-curing duration 

Some samples were post-cured at 140 °C for different durations: 10, 11, 13, 14, 17 and 18 hours 

(Table 14). There is no visible trend between the duration of the post-curing and the glass 

transition temperature. 

 

Table 14. Influence of the post-curing duration on the glass transition temperature 

Post-Curing time Tg 2 - Tg 1 [°C] Tg Variation /Ref [°C] 

10 h (Standard) 5 Ref 

11 h 1 - 3 

13 h 3 - 5 

14 h 1 0 

17 h 1 - 3 

18 h 4 - 10 

 

3.3.3.3 Conclusion of the additional experiments 

Adding the additive at the end of the mixing (Process 1) does not influence negatively the 

electrical and thermal properties of the epoxy formulations. 

The study of the E2 formulations shows that this additive reduces the impact of changes of 

processing parameters (mixing order or post-curing) compared to neat epoxy. 

The experiments on the post-curing of the D1 formulation did not allow to improve the glass 

transition temperature or reach a fully cured system. 

The standard process is the one with which the materials obtained have the highest glass 

transition temperature. 

3.3.4 Final selection 

For the promising additives and their combinations, the AC breakdown strength of the materials 

was plotted against the Tg (Figure 10). Still considering that the optimal material for HV Power 
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Equipment insulation parts should have a high breakdown strength and a Tg as close as possible 

for the neat material, B3 and the combination B1 + E2 were chosen to cast demonstrators. 

 

Figure 10. Electrical breakdown strength α against the glass transition temperature for the 

four promising additives (2 wt%) and their combinations (1 wt% + 1 wt%) 

 

3.3.5 Validation of the selected formulations 

Before casting demonstrators with the new formulations, it was important to ensure that the 

additives would not influence the viscosity which is important for the choice of the process: 

temperature in the pipes, processing times, etc. Dielectric spectroscopy was also performed to 

ensure that the additives would not have any negative effect on the relative permittivity or 

dielectric losses of the epoxy. 

3.3.5.1 Viscosity evaluation 

During the industrial casting process the epoxy is transferred from the mixing vessel to the 

moulds through long pipes. The viscosity should be low enough so that the resin can be easily 

pumped and stable enough so that the curing will not start in the tank or the pipes. 

The viscosity of the resin depends on the temperature and curing kinetic of the polymerization. 

Experiments were made to compare neat epoxy with the formulations containing 2 wt% of B3 

and the combination B1 and E2. Viscosity evaluation was made at 60 °C, 80 °C, 100 °C and    

120 °C. 
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The three formulation showed similar curing behaviours and the viscosity changes happened in 

the same range of time. No significant differences between neat epoxy and the ones additives 

could be observed
7
. 

3.3.5.2 Dielectric Spectroscopy 

The dielectric spectroscopy allowed to record the relative permittivity, the loss factor and the 

electrical conductivity depending on the frequency at a given temperature (Figure 11 and Figure 

12). 

At 50 °C, in the frequency range 10
-2

 – 10
6
 Hz, neat epoxy has a higher relative permittivity than 

epoxy with B1 and E2. The formulation with B3 is the one with lowest ε’. The dielectric losses 

are similar for the three formulations. 

Eight samples of the neat epoxy and the epoxy with B3 were tested, and five samples were 

measured for the formulation with B1 and E2. The results presented are an average of the values 

obtained for each batch of samples. 

 

Figure 11. Relative permittivity depending on the frequency at 50 °C 

                                                 

7
 The durations measured during the experiments cannot be displayed for confidentiality reason 
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Figure 12. Tanδ depending on the frequency at 50 °C 

The following results presented are those at 50 Hz since it is the standard industrial frequency. 

The combination of B1 and E2 as well as B3, induce a small decrease of the permittivity (Figure 

13). It means the material is less polarizable. The chains motion is not as easy as in the neat 

material which could be explained by a modification of the matrix due to an increased number of 

cross-linking centres. However, the variations are less than 1%, and it can be considered that the 

influence of the additives on the permittivity of the epoxy is negligible. 

 

Figure 13. Permittivity depending on the temperature at 50 Hz 

Both new formulations show a lower loss factor than the neat epoxy, respectively - 25% and       

- 17% at 50 °C for the combination and for B3 (Figure 14). The losses should be as low as 

possible in order to have good insulating materials. The additives have consequently a positive 

effect on the loss factor. 
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Figure 14. Tanδ depending on the temperature at 50 Hz 

Concerning the conductivity (Figure 15), the value obtained for the three materials are of the 

same order of magnitude (10
-13 

S/cm). It can be assumed that the additives do not have any 

negative effect on the conductivity. 

 

Figure 15. Conductivity depending on the temperature at 50 Hz 

 

The dielectric spectroscopy study showed that B3 and the combination of B1 and E2 do not have 

any negative influence on the dielectric properties of epoxy. 

3.3.6 Interaction with cellulose paper 

In some HV Power equipment, the epoxy resin is used in combinations with other insulating 

materials such as mica tape or cellulose paper or other laminates. Some experiments were carried 

out  to study the interaction with cellulose paper (Figure 16). The effect of the additives on the 

electrical breakdown strength of full system of resin and paper was evaluated. Plates were made 

according to the standard process. After application of the release agent on the moulds, two 

layers of cellulose paper dried overnight at 60 °C under vacuum were placed between the plates. 
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The mould were then stored under vacuum at 30°C for one day in order to ensure that the paper 

is entirely flat. The filling of the mould was done in several steps in order to let time to the resin 

to impregnate the paper and eliminate all possibly formed air bubbles. 

It is important to ensure that the paper is completely dry and that there are no air bubbles to limit 

the possibility of partial discharges. 

 

Figure 16. Epoxy plate with cellulose paper 

The paper increases the AC breakdown strength of the neat epoxy of 25% (Figure 17). However, 

when additives are added there is no significant difference (less than 5%) of the AC breakdown 

strength without or with the paper (Table 15). 

 

Table 15. Influence of the cellulose paper on the AC breakdown strength 

  α 

[kV/mm] 

Β 

 [-] 

Failure 0.1% 

[kV/mm] 

α Imprv 

[%] 

Resin 

Reference 2 39.1 8.1 16.6 Ref 

B3 49.7 11.5 27.2 27 

B1 + E2 51.2 7.9 21.3 31 

Resin + 

Paper 

Reference 2 49.1 8.6 22.0 Ref 

B3 47.4 9.8 23.5 - 4 

B1 + E2 51.4 8.8 23.6 5 



33 

 

 

Figure 17. Comparison of the average AC Breakdown strength of the formulations with 

and without paper 

 

In the RIP systems the weak point causing the breakdowns may be the paper and the additives 

would consequently have no effect on the breakdown strength of RIP systems. 

3.4 Additional experiments 

In parallel to the selection of the additives, other experiments (FTIR Spectroscopy and Optical 

Microscopy) were conducted to characterize and obtain more information about the new 

materials. 

3.4.1 FTIR Spectroscopy 

An IR spectrum shows the absorption depending on the wave length. Each chemical bond or 

functional group has one or several representative peaks for a given range of wave lengths. The 

exact position of the peaks on the spectra is also influenced by the surrounding atoms. The 

analysis of the spectra obtained with FTIR gives then information on the chemical structure of 

the materials. The study of the area of the peaks can also allow to determine the concentration of 

additive. 

To compare the different formulations, the spectra of the pure additives should first be studied in 

order to determine the correspondence between the peaks and the chemical groups [15]. Then 

one or several peaks visible at a wavenumber which does not overlap with other bonds possibly 

present in the material (see peaks present in the spectrum the neat epoxy and comparison of the 

chemical structure) should be selected. If the corresponding bond is still present in the material, 

these peaks should then be visible in the IR spectra of the epoxy containing this additive. If the 

+ 25% - 5% + 1% 
Variation with 

Paper/without 
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additive is not incorporated in the chains, the same peak should be observed. If it is reacting with 

the epoxy, the peak should be shifted. In case of a reaction, with a creation of new groups, new 

peaks should be visible in the spectra of the epoxy with additive compared to the reference.  

Most of the additives are composed of carbon, hydrogen and oxygen, these three elements are 

also present in the epoxy resin, the hardener and flexibilizer. Consequently, the functional groups 

of the additives have chemical bonds which can also be found in the neat epoxy and their peaks 

will probably overlap with the peaks of the reference material. 

The spectra of some formulations with additives which contained distinct bonds (B1 and D1) 

compared to the constituents of neat epoxy were analysed. Although the peaks corresponding to 

theses distinct bonds could be identified when the pure additive was analysed, no difference 

could be observed between the spectra of the reference epoxy and of the one containing 

additives
8
. 

The concentration of additive might be not high enough to be detected; however measurements 

were previously conducted for polyethylene containing 2 wt% additives which were then visible 

on the IR spectra [16]. The difficulty to detect the additive in the epoxy might also be due to the 

fact that the resolution of the device may be too low. It could also be possible to repeat the 

measurements by making KBr pellets with powder from epoxy materials. 

3.4.2 Optical microscopy 

Optical microscopy was used to image the breakdown channel. One hypothesis could have been 

that the additives would have an influence on the shape of the breakdown channel however it 

was not possible to establish any correlation between the additives used and the aspect of the 

breakdown channel. 

The higher the breakdown strength, the more branches the channel has. In Figure 18, the 

conducting channel due to the breakdown is visible. Two circular shapes are visible, it can be 

assumed that they correspond to cracks which appeared during the breakdown.  

                                                 

8
 IR Spectra cannot be displayed since they contain information on the chemical structure of the 

epoxy used 
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Figure 18. Breakdown Channel for a sample Epoxy + 2wt% B1 

 

In order to make a complete analysis of the breakdown channel it could have been interesting to 

measure its length as well as the exact number of branches and their length. Fractal analysis can 

also be used to make statistical analysis [17], however those techniques would be time-

consuming and were not used for this work. 

4 CONCLUSIONS 

Based on lab scale experiments conducted in this study, it was possible to increase the AC 

breakdown strength on 1 mm thick epoxy plates up to 27% using B3 and 31% with the 

combination of B1 and E2. The reduction of the glass transition due to these additives was still 

acceptable (respectively – 1 °C and – 11 °C). 

The additives do not influence significantly other properties such as the viscosity, mechanical 

properties and electrical storage modulus,relative permittivity or loss factor. 

The main challenge in this project was that the epoxy network is difficult to characterize. 

Assumptions on eventual incorporation or not of the additives into the chains were made but 

could not be verified by any chemical analysis. It was not possible to ensure that the additives 

molecules were fully soluble into the resin. 

Experiments with plates containing cellulose paper did not allow to reproduce a high 

improvement of the breakdown strength which may mean that the paper is the weak point of 

such systems. 

Demonstrators corresponding to specific HV power equipment were produced with the two 

selected formulations and tested with AC limit tests. The results of these experiments are kept 

confidential. 
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5 FUTURE WORK 

Further investigations should be conducted to identify how the additives react with the epoxy 

network: 

- The analysis of the failed demonstrators with X-ray tomography would allow analysing the 

breakdown channel and see any possible differences between the breakdown of the formulations 

with and without additives. 

- Further electrical  tests, e.g. breakdown tests in insulating gas environment, could bring 

additional information to understand the action mechanism of the additives. 

- The impact of additives on other resin formulations and combinations with other insulating 

materials should be studied. 

- In order to study the incorporation or not of the epoxy with additives in the chains, epoxy resin 

with only one reactive site could be used. 
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7 APPENDIX 

 

1. Raw ACBD Test Data for all the additives with a concentration of 2wt% 

Reference 1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown  [kV/mm] 

1 0.97 55.8 57.5 

2 0.94 47.8 50.9 

3 1.00 40.1 40.1 

4 1.01 46.5 46.0 

5 1.00 48.2 48.2 

6 0.97 37.3 38.5 

7 0.92 46.2 50.2 

8 1.01 54.7 54.2 

9 0.94 52.3 55.6 

10 1.00 51.2 51.2 

11 0.97 53.9 55.6 

12 0.93 41.9 45.1 

    Average 49.4 

    Std Dev 6.1 

A1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 1.03 57.7 56.0 

2 1.02 50.1 49.1 

3 0.99 60.4 61.0 

4 0.9 53.1 59.0 

5 1.00 54.1 54.1 

6 0.99 58.3 58.9 

7 1.01 56.8 56.2 

8 1.03 56.2 54.6 

9 1.03 56.6 55.0 

10 1.05 55.1 52.5 

11 0.99 57 57.6 

12 1.05 57.8 55.0 

13 0.95 49.6 52.2 

14 0.93 51.7 55.6 

    Average 55.5 

    Std Dev 3.1 
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A2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.95 40.1 42.2 

2 0.98 50.6 51.6 

3 0.98 61.1 62.3 

4 0.99 46.6 47.1 

5 0.98 60.2 61.4 

6 0.96 55.9 58.2 

7 0.98 54.4 55.5 

8 0.98 52.7 53.8 

9 0.97 50.4 52.0 

10 0.97 66.0 68.0 

11 0.97 43.2 44.5 

12 0.97 53.8 55.5 

13 0.96 52.2 54.4 

14 0.98 58.5 59.7 

15 0.98 44.4 45.3 

16 0.97 47.9 49.4 

17 0.98 59.6 60.8 

18 0.98 54.3 55.4 

19 0.97 41.9 43.2 

20 0.98 58.7 59.9 

    Average 54.0 

    Std Dev 7.1 

B1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 46.2 47.1 

2 0.97 55.8 57.5 

3 0.97 60.0 61.9 

4 0.97 59.1 60.9 

5 0.98 48.3 49.3 

6 0.98 54.8 55.9 

7 0.97 62.5 64.4 

8 0.98 56.3 57.4 

9 0.97 46.7 48.1 

10 0.96 51.9 54.1 

11 0.96 39.0 40.6 

12 0.96 67.9 70.7 

13 0.98 55.6 56.7 
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14 0.97 60.0 61.9 

15 0.97 59.5 61.3 

    Average 56.5 

    Std Dev 7.7 

B2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 43.6 44.5 

2 0.99 47.2 47.7 

3 0.93 52.8 56.8 

4 0.98 47.7 48.7 

5 0.98 52.3 53.4 

6 0.95 55.1 58.0 

7 0.98 56.1 57.2 

8 0.98 38.7 39.5 

9 0.95 50.5 53.2 

10 1.00 52.7 52.7 

11 0.98 49.8 50.8 

12 1.01 46.9 46.4 

13 0.90 52.5 58.3 

14 1.01 34.5 34.2 

    Average 50.1 

    Std Dev 7.2 

B3 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.95 50.3 52.9 

2 0.96 62.9 65.5 

3 0.96 57.7 60.1 

4 0.97 52.0 53.6 

5 0.97 55.7 57.4 

6 0.95 47.7 50.2 

7 0.97 58.4 60.2 

8 0.96 57.8 60.2 

9 0.97 42.9 44.2 

10 0.96 51.6 53.8 

11 0.96 49.7 51.8 

12 0.97 59.1 60.9 

13 0.98 53.1 54.2 

14 0.97 36.5 37.6 

    Average 54.5 
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    Std Dev 7.3 

C1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.99 39.3 39.7 

2 0.96 51.5 53.6 

3 0.99 53.3 53.8 

4 0.98 46.4 47.3 

5 0.97 48.6 50.1 

6 0.95 48.8 51.4 

7 0.99 56.7 57.3 

8 0.97 42.8 44.1 

9 0.97 48.5 50.0 

10 0.98 50.9 51.9 

11 0.95 50.3 52.9 

12 0.99 48.2 48.7 

13 0.98 50.1 51.1 

14 0.95 51.2 53.9 

    Average 50.4 

    Std Dev 4.5 

C2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.97 49.7 51.2 

2 0.95 52.8 55.6 

3 0.97 47.1 48.6 

4 0.98 49.5 50.5 

5 0.97 54.5 56.2 

6 0.96 63.7 66.4 

7 0.96 43.1 44.9 

8 0.97 55.1 56.8 

9 0.99 59.1 59.7 

10 0.97 52.7 54.3 

11 0.96 54.2 56.5 

12 0.96 43.3 45.1 

13 0.96 57.3 59.7 

14 0.95 59.2 62.3 

15 0.97 49.7 51.2 

    Average 54.6 

    Std Dev 6.1 

D1 
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Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 44.6 46.5 

2 0.96 41.9 43.6 

3 0.98 49.5 50.5 

4 0.97 49.7 51.2 

5 0.97 54.0 55.7 

6 1.01 52.3 51.8 

7 0.98 49.0 50.0 

8 0.98 57.1 58.3 

9 0.94 57.7 61.4 

10 0.99 54.7 55.3 

11 0.98 56.6 57.8 

12 0.98 51.3 52.3 

13 0.98 62.7 64.0 

14 0.99 59.0 59.6 

15 0.98 53.5 54.6 

16 0.98 53.4 54.5 

17 0.97 64.9 66.9 

18 0.98 57.0 58.2 

19 0.99 56.2 56.8 

    Average 55.2 

    Std Dev 5.7 

E1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.97 49.9 51.4 

2 0.97 55.5 57.2 

3 0.98 62.4 63.7 

4 0.97 53.6 55.3 

5 0.97 47.6 49.1 

6 0.99 53.9 54.4 

7 0.98 53.5 54.6 

8 0.98 54.2 55.3 

9 0.98 39.7 40.5 

10 0.96 61.0 63.5 

11 0.97 54.2 55.9 

12 0.97 59.8 61.6 

13 0.96 50.6 52.7 

    Average 55.0 

    Std Dev 6.2 
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E2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.99 51.2 51.7 

2 1.01 58.7 58.1 

3 0.99 51.3 51.8 

4 0.97 61.8 63.7 

5 0.97 64.8 66.8 

6 1.00 55.3 55.3 

7 0.96 49.8 51.9 

8 1.00 48.5 48.5 

9 1.00 58.7 58.7 

10 0.99 64.4 65.1 

11 0.99 52.9 53.4 

12 0.99 62.8 63.4 

13 0.97 56.6 58.4 

14 0.99 53.8 54.3 

15 0.99 54.0 54.5 

    Average 57.0 

    Std Dev 5.6 

E3 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.97 55.9 57.6 

2 0.97 64.2 66.2 

3 0.98 65.2 66.5 

4 0.97 50.6 52.2 

5 0.99 55.4 56.0 

6 0.96 43.9 45.7 

7 0.94 55.4 58.9 

8 0.97 52.4 54.0 

9 0.93 46.1 49.6 

10 0.96 61.0 63.5 

11 0.93 53.9 58.0 

12 0.96 52.0 54.2 

13 0.98 45.0 45.9 

    Average 56.0 

    Std Dev 6.8 

E4 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 47.3 48.3 
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2 0.97 48.7 50.2 

3 0.98 44.8 45.7 

4 0.96 45.4 47.3 

5 0.98 34.5 35.2 

6 0.98 52.8 53.9 

7 0.99 49.9 50.4 

8 0.99 51.5 52.0 

9 0.99 50.5 51.0 

10 0.99 49.7 50.2 

11 1.01 45.2 44.8 

12 0.99 50.8 51.3 

    Average 48.4 

    Std Dev 4.9 

E5 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.99 57.5 58.1 

2 0.97 52.7 54.3 

3 0.97 54.7 56.4 

4 0.96 46.5 48.4 

5 0.94 49.5 52.7 

6 0.97 36.5 37.6 

7 0.94 57.5 61.2 

8 0.95 51.0 53.7 

9 0.92 43.1 46.8 

10 0.97 45.9 47.3 

11 0.99 45.0 45.5 

12 0.99 52.4 52.9 

    Average 51.2 

    Std Dev 6.4 
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Figure 19. Summary Breakdown Strength Tests for all formulations with 2 wt% 

additive 

 

 

Figure 20. Weibull plot for group A 
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Figure 21.Weibull plot for group B 

 

Figure 22. Weibull plot for group C and group D 
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Figure 23. Weibull plot for group E 

 

2. Raw ACBD Test Data for combinations of additives (1wt% + 1wt%) 

Reference 2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 33.9 34.6 

2 0.96 34.3 35.7 

3 1.00 37.8 37.8 

4 0.98 44.1 45.0 

5 1.00 37.1 37.1 

6 0.99 43.9 44.3 

7 0.97 36.7 37.8 

8 0.99 37.3 37.7 

9 0.99 28.3 28.6 

10 0.97 35.0 36.1 

11 0.97 33.1 34.1 

12 0.99 35.8 36.2 

    Average 37.1 
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    Std Dev 4.3 

B1 + B3 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.93 53.1 57.1 

2 0.96 35.5 37.0 

3 0.97 34.2 35.3 

4 0.92 47.4 51.5 

5 0.96 46.8 48.8 

6 0.95 54.5 57.4 

7 0.99 41.5 41.9 

8 0.98 39.0 39.8 

9 0.99 39.0 39.4 

10 1.0 35.2 35.2 

11 0.99 37.0 37.4 

12 0.98 56.8 58.0 

13 0.96 35.4 36.9 

14 0.97 55.3 57.0 

    Average 45.2 

    Std Dev 9.3 

B1 + D1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 43.0 44.8 

2 0.98 47.7 48.7 

3 0.97 45.7 47.1 

4 0.98 51.0 52.0 

5 0.97 35.1 36.2 

6 0.98 45.3 46.2 

7 0.98 41.2 42.0 

8 0.96 56.2 58.5 

9 0.97 51.3 52.9 

10 0.97 43.3 44.6 

11 0.98 38.0 38.8 

12 0.97 48.9 50.4 

13 0.96 34.6 36.0 

    Average 46.0 

    Std Dev 6.7 

B1 + E2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 40.3 42.0 
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2 0.98 53.8 54.9 

3 0.97 50.8 52.4 

4 0.98 56.8 58.0 

5 0.96 47.8 49.8 

6 0.99 34.0 34.3 

7 0.97 49.1 50.6 

8 0.97 48.9 50.4 

9 0.97 41.1 42.4 

10 0.96 53.3 55.5 

11 0.97 41.6 42.9 

12 0.96 43.8 45.6 

    Average 48.2 

    Std Dev 6.9 

B3 + D1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 36.9 37.7 

2 0.98 46.2 47.1 

3 0.98 46.6 47.6 

4 0.98 41.0 41.8 

5 0.98 38.4 39.2 

6 0.96 37.6 39.2 

7 0.96 43.7 45.5 

8 0.96 36.2 37.7 

9 0.97 45.5 46.9 

10 0.97 45.9 47.3 

11 0.96 42.3 44.1 

12 0.96 48.9 50.9 

    Average 43.7 

    Std Dev 4.5 

B3 + E2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 37.0 37.8 

2 0.98 39.8 40.6 

3 0.98 36.0 36.7 

4 0.96 38.7 40.3 

5 0.98 40.1 40.9 

6 0.98 49.8 50.8 

7 0.98 36.9 37.7 

8 0.98 34.2 34.9 
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9 0.98 36.2 36.9 

10 0.98 37.3 38.1 

11 0.96 36.0 37.5 

12 0.96 34.8 36.3 

13 0.97 36.6 37.7 

    Average 38.9 

    Std Dev 4.0 

D1 + E2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.94 46.1 49.0 

2 0.94 50.1 53.3 

3 0.95 50.8 53.5 

4 0.97 43.8 45.2 

5 0.95 50.1 52.7 

6 0.97 42.8 44.1 

7 0.97 39.0 40.2 

8 0.94 38.6 41.1 

9 0.97 36.4 37.5 

10 0.94 38.2 40.6 

11 0.98 38.6 39.4 

12 0.97 38.8 40.0 

    Average 44.7 

    Std Dev 5.9 
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Figure 24. Weibull plot for the combinations 1wt% + 1wt% 

 

3. Raw ACBD Test Data for the 4 promising additives (lab and BU process) 

Reference 2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.98 33.9 34.6 

2 0.96 34.3 35.7 

3 1.00 37.8 37.8 

4 0.98 44.1 45.0 

5 1.00 37.1 37.1 

6 0.99 43.9 44.3 

7 0.97 36.7 37.8 

8 0.99 37.3 37.7 

9 0.99 28.3 28.6 

10 0.97 35.0 36.1 

11 0.97 33.1 34.1 

12 0.99 35.8 36.2 

    Average 37.1 

    Std Dev 4.3 

B1 2 
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Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 46.8 48.8 

2 0.96 41.6 43.3 

3 0.97 44.0 45.4 

4 0.96 41.1 42.8 

5 0.97 52.8 54.4 

6 0.96 48.7 50.7 

7 0.97 44.8 46.2 

8 0.98 41.5 42.3 

9 0.96 35.8 37.3 

10 0.97 38.0 39.2 

11 0.95 34.9 36.7 

12 0.97 40.0 41.2 

    Average 44.0 

    Std Dev 5.4 

B1 Process 1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.97 34.4 35.5 

2 0.98 38.9 39.7 

3 0.97 38.4 39.4 

4 0.95 40.7 42.8 

5 0.94 50.6 53.8 

6 0.94 51.6 54.9 

7 0.99 40.7 41.1 

8 0.98 39.3 40.1 

9 0.96 40.0 41.7 

10 0.97 43.5 44.8 

11 0.97 37.5 38.7 

12 0.96 37.8 39.4 

    Average 42.7 

    Std Dev 5.9 

B3  2 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.97 47.0 48.5 

2 0.96 48.2 50.2 

3 0.96 52.6 54.8 

4 0.96 47.3 49.3 

5 0.96 49.0 51.0 

6 0.96 40.4 42.1 
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7 0.99 38.6 39.0 

8 0.96 44.6 46.5 

9 0.98 48.3 49.3 

10 0.98 45.8 46.7 

11 0.98 44.8 45.7 

    Average 47.5 

    Std Dev 4.3 

 B3 Process 1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 56.3 58.6 

2 0.97 58.4 60.2 

3 0.97 36.0 37.1 

4 0.97 39.6 40.8 

5 0.97 43.0 44.3 

6 0.96 40.3 42.0 

7 0.96 49.0 51.0 

8 0.97 45.0 46.4 

9 0.95 44.6 46.9 

10 0.95 48.7 51.3 

11 0.96 53.3 55.5 

12 0.96 48.4 50.4 

13 0.97 43.0 44.3 

14 0.96 39.6 41.3 

15 0.97 40.4 41.6 

16 0.96 39.6 41.3 

    Average 47.1 

    Std Dev 6.8 

D1 2 - already tested samples 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 0.96 45.3 47.2 

2 0.98 38.1 38.9 

3 0.97 44.2 45.6 

4 1.01 45.5 45.0 

5 0.94 34.4 36.6 

6 0.99 35.2 35.6 

7 0.98 35.8 36.5 

8 0.98 31.5 32.1 

9 0.99 43.1 43.5 

10 0.98 39.7 40.5 
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11 0.98 39.6 40.4 

12 0.97 43.4 44.7 

13 0.98 34.1 34.8 

    Average 40.1 

    Std Dev 4.8 

D1 Process 1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 1.00 39.9 39.9 

2 0.96 37.1 38.6 

3 0.99 53.2 53.7 

4 0.98 37.9 38.7 

5 0.96 38.0 39.6 

6 0.99 45.1 45.6 

7 0.98 39.9 40.7 

8 0.97 36.8 37.9 

9 1.00 39.6 39.6 

10 0.99 34.8 35.2 

11 1.00 43.2 43.2 

12 1.00 41.3 41.3 

    Average 41.2 

    Std Dev 4.7 

E2 2 - already tested samples 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 

1 1.01 40.4 40.0 

2 0.97 38.7 39.9 

3 1.00 41.1 41.1 

4 0.96 35.5 37.0 

5 1.00 36.0 36.0 

6 1.00 38.7 38.7 

7 0.99 33.5 33.8 

8 0.99 44.2 44.6 

9 0.99 40.4 40.8 

10 0.97 32.5 33.5 

11 0.99 40.2 40.6 

12 0.99 38.1 38.5 

    Average 38.7 

    Std Dev 3.2 

E2 Process 1 

Sample number Thickness [mm] Breakdown [kV] Normalized Breakdown [kV/mm] 



56 

 

1 0.89 38.4 43.1 

2 0.97 39.0 40.2 

3 0.98 33.0 33.7 

4 0.90 46.0 51.1 

5 0.97 44.9 46.3 

6 1.00 43.9 43.9 

7 0.92 38.1 41.4 

8 1.00 45.0 45.0 

9 0.96 39.5 41.1 

10 0.92 41.3 44.9 

11 0.97 42.1 43.4 

12 0.97 32.7 33.7 

13 0.98 47.3 48.3 

14 0.97 50.2 51.8 

15 0.97 41.6 42.9 

    Average 43.4 

    Std Dev 5.2 

 

 

 

Figure 25. Weibull plot for re-test promising candidates 
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Figure 26. Weibull plot for additives with Process 1 


