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A B S T R A C T   

The dielectric breakdown strength of borosilicate glass and alumina was measured as a function of the voltage 
ramp rate on different material thicknesses and with different electrode configurations. While this is not a 
completely new approach, with our work we want to highlight the importance of appropriate measurement set- 
up and contribute to a better understanding and analysis of dielectric breakdown. The measurement of break-
down tests is generally anything but trivial and the comparison of breakdown results for different set-ups is 
difficult, especially because not all scientific articles go into detail on the measurement method and all the 
important parameters, which can influence the breakdown event. For the results shown in this work we mainly 
used glass as a suitable model material and two different electrode setups at eleven different voltage ramps in the 
range of 5 V/s to 10,000 V/s. We found that there is a clear dependence of the dielectric breakdown strength on 
the voltage ramp and the electrode configuration as well as it should be distinguished between breakdowns 
which initiated at electrode edge and those initiated within the electrode area. There is almost no scatter for 
breakdown strengths which were initiated inside a silver paste electrode in comparison to breakdown strength 
from the electrode edges.   

1. Introduction 

Dielectric breakdown (BD) is a critical and limiting event/factor 
which may lead to catastrophic damage in electrical and electronical 
devices. Defined as the maximum voltage divided by the material 
thickness an insulator can withstand, dielectric BD was investigated 
from the 1920s on by von Hippel who developed a first electron 
avalanche model [1–3]. Fröhlich extended the model of von Hippel by 
the so-called "low energy" criterion [4,5]. In parallel, continuum theo-
retical thermal BD models by Fock [6], Moon [7] and Wagner [8] were 
developed and the electromechanical breakdown model for thermo-
plastic polymers by Stark and Garton [9] later on modified by Fothergill 
[10] to a filamentary electromechanical breakdown model. These 
models have been taken up repeatedly over the years and adapted for 
specific applications (by e.g. Klein and Gafni [11] and enhanced by e.g. 
O’Dwyer [12,13] or Sparks [14], Budenstein [15] or McPherson [16]). 
Based on von Hippels avalanche model, by applying density function 
perturbation theory Sun et al. [17,18] succeeded convincingly to predict 
the intrinsic breakdown for covalently bonded and ionic materials. Until 
more recently, BD models were developed in analogy to fracture 

mechanics [19–28]. 
But still after decades of investigations dielectric breakdown mech-

anism is by far not fully understood and researchers and developers have 
to deal with a lack of comprehensive data. Consequently, breakdown 
strength of insulators is still empirically optimized due to a missing 
generally accepted macroscopic model, which is able to predict the 
dielectric breakdown correctly. 

It is well known that, besides the microstructural defects [29–33], 
the experimental conditions of the electric breakdown test setup influ-
ence the measured breakdown strength of a material substantially 
[34–39], which was just recently confirmed by measurements of Mieller 
[40]. Although standards exist [41–44], these do not prescribe the exact 
measurement method and within their framework differences of up to 
50 % were measured for the same material [40]. This makes it difficult 
to compare data from different sources, especially when not all the 
detailed test conditions and observations are documented and state-
d/reported in the scientific articles. Among them a key parameter, 
whether the breakdown initiates at electrode edges or within the elec-
trode, is usually not reported. 

Concerning the size dependence of dielectric breakdown there exists 
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a lack of data because most often breakdown experiments are performed 
on thin films below 1 μm thickness whereas on thick films and bulk 
materials much less data are available. For the dielectric breakdown in 
thin films there is a lot of literature where the physical phenomenon, 
structural damage, breakdown statistics, device reliability and techno-
logical implications are extensively discussed [45–47]. SiO2 is studied 
intensively because of its great use in MOS and MIM devices [48] but as 
mentioned above it is almost all about thin films where intrinsic 
dielectric BD prevails. But it is clear that the breakdown mechanism 
changes from an intrinsic to an extrinsic one around 1 μm and 20 μm 
thickness [49]. However, in thin films it has been shown that intrinsic 
breakdown can be predicted by Von Hippels Avalanche Model [18] for 
different non-metals, semi-metals and metal halides. For the extrinsic 
breakdown mechanism in thick films and bulk materials there is no 
commonly accepted model [49]. 

The objective of this study is to contribute to the understanding of 
the dielectric breakdown mechanism by studying the influence of 
voltage ramp rates on the dielectric strength and to emphasize the 
importance of a comprehensive and detailed report of the test 
conditions. 

We chose glass for our investigations, since it is assumed and 
partially shown, that microstructure influence the dielectric breakdown 
strength, because pores, grain boundaries, impurities, crystallographic 
defects and secondary phase could act as charge traps [29,30,32,33,50]. 
Glass as an amorphous material is homogeneous without grain bound-
aries or crystal orientations and therefore measured differences in the 
breakdown strength and breakdown morphology can be attributed to 
the electrodes and the voltage ramp. Furthermore, silica is of great use in 
micro-electric devices such as integrated circuits (ICs), wafers and 
MEMS [51,52] which makes it the perfect model material for this 
purpose. 

2. Material & methods 

2.1. Sample preparation 

For the investigations in this work two different commercially 
available borosilicate glasses with relative permittivities of 4.4 ± 0.3 
and 7.4 ± 0.3 were used, one of it in three different thicknesses. In the 
following they are named Glass A and B and details are given in Table 1. 

Additionally, some experiments were also carried out on alumina 
samples custom made at our institute. The alumina powder (CT 3000 
SG, Almatis) was pressed in the shape of discs by uniaxial and additional 
cold-isostatic pressing. Afterwards the green bodies were sintered at 
1590 ◦C in air for one hour in a chamber furnace. The density of the 

sintered specimens was determined by Archimedes principle and 
resulted in 99 % relative density, ensuring a dense material. The sintered 
bodies were ground plan-parallel to the desired thickness by a flat-bed 
grinding machine (Table 1). 

The thickness d of all samples was chosen to be in the sample 
thickness dependent extrinsic BD regime d > 30μm according to [49] 
where the dielectric BD strength Ebd is proportional to 1/

̅̅̅
d

√
. 

All substrates were cleaned with ethanol, dried at 60 ◦C and every 
sample thickness was measured. According to DIN 53 483 the relative 
permittivity of the three materials was determined. 

Since tests with different electrode configurations were conducted on 
some samples conductive silver paint electrodes were added which is 
described in detail in the following chapter. 

2.2. Breakdown measurements 

For all breakdown tests the same voltage source and measuring cage/ 
chamber was used, only the electrodes directly connected to the samples 
were changed. The used voltage source is a ER75P4, Glassman high 
voltage Inc., UK, which can apply up to 75 kV. The samples were placed 
between two (rod-) electrodes and clamped by a spring force in a silicone 
oil bath in a custom-made test setup. For piloting and recording of the 
signals (storing voltage, time and current in one file) a LabVIEW- 
program was used. The DC voltage was increased linearly with 
different ramps between 5 and 10,000 V/s from 0 V until dielectric 
breakdown indicated through a collapse of the voltage signal and a 
sudden current flow. However, the current is limited to 2 μA to protect 
the whole measurement assembly. As the voltage is detected every 250 
ms the accuracy of the breakdown voltage Ubd is between 0.004 % (for 
the 5 V/s-ramp, Ubd ≈ 30 kV) and 5.00 % (for the 10,000 V/s-ramp, 
Ubd≈50 kV) and varies in absolute values between 1.25 V and 2500 V 
corresponding to the set voltage ramp. Additionally, the breakdown 
event was always accompanied by a low but hearable noise and a dark 
spot on the surface – the breakdown channel. The highest voltage 
reached before the collapse is defined as the breakdown voltage Ubd, 
which gives divided by the sample thickness the dielectric breakdown 
strength Ebd. 

The breakdown tests were conducted with voltage ramps of 5, 10, 20, 
50, 100, 200, 500, 1000, 2000, 5000 and 10,000 V/s. The 5000 V/s 
meets the standards [41,42] the breakdown to happen within 10–20 
seconds. 500 V/s is recommended by the ASTM [43,44]. The slower 
ramps are performed to study the ramps dependency of the dielectric 
breakdown. 

Two different electrode setups were used for the investigation of the 
voltage ramp impact/influence. For the first setup a three-electrode- 
configuration is used, shown in Fig. 1 a) and in the following called 
test setup A, which is often used for conductivity measurements. The 
material of all components is stainless steel. The positive HV-source is 
connected to a rod electrode with a diameter of 6 mm. The counter 
electrode, which is the ground or cathode, had a diameter of 18 mm and 
the ring electrode had an inner diameter of 20 mm. This ring-electrode is 
surrounding the ground electrode to avoid surface currents. For the 
second setup conductive silver paste (CSP) was applied as circular 
electrodes on both sides of the specimens. These silver paint electrodes 
had different sizes of 10 mm and 18 mm diameter on the top and bottom 
side, respectively, to avoid overlapping electric field enhancement at the 
electrode edges and thus a preferred but undefined breakthrough spot/ 
area. The sample with its CSP-electrodes was then clamped between a 
rod electrode with a rounded end and a flat Rogowski-like electrode, 
illustrated in Fig. 1 b) and in the following called test setup B. The 
smaller one functioned here as the ground electrode (at zero potential) 
and the bigger one was connected to the positive HV-source. 

For each setting minimum of five measurements were made. If one or 
more samples gave a value which differed by more than 15 % from the 
mean, five additional measurements were made. 

Table 1 
Summary of the main characteristics of the different glass substrates and 
alumina. [53–55].   

Glass A Glass B Al2O3 

Material Borosilicate glass 
3.3, 
Th. Geyer 

Borosilicate glass D263 
M, Thermo Scientific 

CT 3000 SG, 
Almatis, 
powder 

Composition 80.6 % SiO2, 13.0% 
B2O3, 4.0% Na2O & 
K2O, 2.4% Al2O3 

64.1% SiO2, 8.4% B2O3, 
6.4% Na2O, 6.9% K2O, 
5.9% ZnO, 4.2% Al2O3, 
4.0% TiO2, 0.1% Sb2O3 

99.8% pure 
Al2O3 

Nominal 
thickness 

152 ± 8 μm * 72 ± 1 μm, 
152 ± 3 μm, 
214 ± 5 μm * 

503 ± 15 
μm* 

Dimension 24☓32 mm2 24☓24 mm2 Ø 28 mm 
Density 2.23 g/cm3 2.51 g/cm3 3.95 g/cm3 

* 
Relative 

Permittivity 
Loss factor tan 
δ 

4.4 ± 0.3 * 0.016 * 7.4 ± 0.3 * 0.025 * 9.8 ± 0.6* 
0.005 * 

*own measurements. 
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Additionally, breakdown measurements according to known stan-
dards were conducted to set the gained results in relation. For this 
purpose ten measurements were run with two opposing flat rod elec-
trodes of 6 mm diameter at a voltage ramp of 500 V/s [43,44], called test 
setup C. Also ten samples were tested at 5000 V/s with a ball electrode 
and an opposing flat cylindrical electrode of 25 mm diameter [41,42], 
called test setup D. This setup was for comparison with the ASTM in 
addition tested at 500 V/s. In Table 2 an overview of the conducted 
measurements is listed. 

After the breakdown tests some samples were cleaned with ethanol 
and sputtered with a 5 nm gold layer for SEM imaging with a Supra VP 
55, Zeiss. Pictures of the breakdown channels were taken at an accel-
erated voltage of 2.0 kV and a working distance of 5.9 mm. 

3. Results 

After each measurement each individual specimen was checked for 
the expected breakdown channel. All tests showed breakdown channels 
accompanied by micro- and macrocracks and a black spot of decom-
posed material was visible. Additionally, the breakdown event is always 
accompanied by noise and light emission, which was clearly observable. 
Fig. 2 shows characteristic breakdown channels in Glass A. In 2a) a high 
magnification of the “black spot” depicts the entry hole of the break-
down. The burned, black material was cleaned away during sample 
preparation for this picture. The cross section in Fig. 2b) was obtained by 

simply breaking the sample. Unfortunately the glasses never broke 
through the middle of the channel. This is the reason why the channel 
seems to have a smaller diameter in cross-section. 

Dielectric breakdown strength calculated from the breakdown tests 
at different voltage ramps is shown in Fig. 3. In Fig. 3a) the results for 
Glass A with the three-electrode setup A and the two-electrode setup 
with CSP-electrodes (setup B) are plotted. Different trends for the same 
material are observed. The three-electrode setup A gives significantly 
lower values than CSP-electrode setup B. Furthermore, the standard 
deviation differs and varies between 1.2 % (4.0 kV/mm at 2000 V/s- 
ramp) and 16.8 % (44.0 kV/mm at 50 V/s-ramp) for the setup B and 
between 3.1 % (5.3 kV/mm at 10 V/s-ramp) and 23.1 % (43.6 kV/mm at 
500 V/s-ramp) for setup A, respectively. For the two-electrode setup B 
the breakdown strength increases with increasing voltage ramps – from 
202.2 kV/mm up to 350.2 kV/mm (73 % increase). This trend is the 
same for the three-electrode setup A but on al lower level – from 150.4 
kV/mm up to 257.0 kV/mm and strong scattering especially at faster 
voltage ramps. Only the values of the two fastest voltage ramps are 
significantly higher. 

The same trend is observed for Glass B as shown in Fig. 3b) for the 
two setups A and B. Increasing breakdown strength with increasing 
voltage ramps is also found for Glass B – from 284.5 kV/mm up to 458.5 
kV/mm and 214.9 kV/mm up to 344.6 kV/mm, respectively. There is 
almost no scattering (≤ 2%) for the measurements with CSP-electrodes 
(setup B) whereas for the three-electrode setup A the standard deviation 
is between 4.0 % (13.4 kV/mm at 1000 V/s-ramp) and 21.5 % (46.2 kV/ 
mm at 5 V/s-ramp). 

An advantage of the CSP-electrodes (setup B) is that it is clearly 
visible by the naked eye where the breakdown went through the sample 
(Fig. 4). Therefore, with setup B a differentiation of the breakdown 
location is possible and shown for Glass A in Fig. 3c). It is obvious that 
the breakdown strengths values for breakdown within the electrode 
(blue) scatter much less (≤ 6.5 %) than the ones at the electrode edge 
(red). Only the undifferentiated mixing of these two breakdown sce-
narios leads to an overall strong scatter of the breakdown strength. 
Additionally, breakdown within the electrode area seems less influenced 
by the voltage ramp. While the electrode edge breakdown strength 
shows a continuous increase with increasing voltage ramp, breakdown 
voltages from channels inside the electrode are almost on a plateau 
value of approximately 320 kV/mm. The values for the two slowest 
ramps appear lower but they are not statistically significant (two-sample 
t-test, α = 0.05). Only the measured breakdown strength at the fastest 
ramps of 5000 V/s and 10,000 V/s show a significant higher level. 
Another observation is that the ratio between breakdown within the 
electrode area and at the electrode edge changes with voltage ramp – at 
5 V/s all breakdown events occurred at the electrode edge while up to 
2000 V/s the percentage of breakdowns within the electrode area 

Fig. 1. Schematic illustration of the measuring setup until breakdown for the measurements a) with a three-electrode configuration (setup A) and b) the breakdown 
measurements with the sample clamped between a pin and a Rogowski-like electrode (setup B). 

Table 2 
Overview of the conducted experiments under different test conditions and 
electrode configurations.  

Test 
setup 

Electrode 
configuration 

Material Thickness 
[μm] 

Ramps 
[V/s] 

No. of 
samples 

A 
Three-electrode- 
setup (Fig. 1 a), no 
CSP 

Glass A 152 ± 8 all 5 or 10 

Glass B 72 ± 1 all 5 or 10 

B 
Pin-Rogowski 
electrodes (Fig. 1 b), 
with CSP-electrodes 

Glass A 152 ± 8 all 10 

Glass B 

72 ± 1 all 5 
152 ± 3 200 10 

214 ± 5 
200, 
2000, 
5000 

10 

Al2O3 503 ± 15 5, 200, 
2000 

10 

C 
Two rod electrodes 
(according to 
ASTM), no CSP 

Glass A 152 ± 8 500 10 

D 
Ball on plate 
(according to DIN), 
no CSP 

Glass A 152 ± 8 500 and 
5000 

10  

P.-K. Fischer and G.A. Schneider                                                                                                                                                                                                            



Journal of the European Ceramic Society 41 (2021) 1332–1341

1335

increases up to 100 %. All breakdown events were initiated within the 
electrode area. With even faster ramps the probability of edge break-
down increases again. 

Fig. 2d) shows the same differentiation between the locations of 
breakdown channel for Glass B in setup B. Here, all breakdown events 
were initiated within the electrode area of the CSP-electrodes, which is 
also the reason why the scattering is so low. But although the breakdown 
was initiated each time within the electrode area, there is a continuous 

upward trend with increasing voltage ramp. 
For comparison the dielectric breakdown strength of alumina was 

tested with setup B at three different voltage ramps, 5 V/s, 200 V/s and 
2000 V/s, and is plotted in Fig. 5. The breakdown was always initiated 
within the electrode area and the standard deviation is between 4.7 % 
(at 200 V/s) and 13.1 % (at 2000 V/s). The mean values rise from 52.3 ±
5.4 kV/mm to 58.7 ± 2.8 kV/mm at 200 V/s-ramp, which is an statis-
tically significant difference (two-sample t-test, α = 005), but then drops 

Fig. 2. SEM image of breakdown channels in Glass A. a) shows the „black spot “within the CSP-electrode. Around the entry hole of the breakdown the CSP is burnt 
away. In b) the cross section of such a breakdown channel through the sample is shown. 

Fig. 3. Dielectric breakdown strength of Glass A (left) and Glass B (right) versus applied voltage ramp. In a) a comparison of Glass A tested in setup A and setup B, 
respectively, is shown. In b) we see this comparison for Glass B. In c) and d) the breakdown measurements with setup B are distinguished according to the location of 
the breakdown channel – within the electrode area or at the edge of the CSPelectrode. 
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slightly again to 56.4 ± 7.4 kV/mm at 2000 V/s-ramp, which is, how-
ever, not significant. Also comparing the breakdowns strength of 5 V/s 
and 2000 V/s there is no significant difference. 

In Fig. 6 comparative measurements with the different electrode 
configurations of the ASTM and DIN standard were conducted to assess 
the results of our setups. The measurement setup C according to ASTM 
[43,44] with two opposing rod-electrodes showed the usual high scat-
tering and a significantly lower value for the dielectric breakdown 
strength than with the other electrode configurations. The setup ac-
cording to the German Standard [41,42] was conducted at two different 
voltage ramps. 5000 V/s is recommended by the standard, so the 

breakdown occurs between 10 and 20 s, and 500 V/s was chosen for 
comparison with the other results. A ball electrode paired with a cyl-
inder electrode as recommended in the standards lead to high levels of 
dielectric breakdown values. The obtained dielectric breakdown 
strength is 17.8 % and 9.3 % higher, respectively, than the ones with the 
CSP-electrodes (setup B). However, it is difficult to say whether only the 
breakdown through the glass substrate was measured or whether the 
dielectric strength of the oil also influences the ASTM and DIN test. If no 
conductive silver paste is used, but only electrodes are placed on the 
sample, an oil layer between electrode and sample must always be 
assumed. 

4. Discussion 

Different dielectric breakdown strengths were measured for the same 
material due to different measurement conditions. The velocity at which 
the dielectric breakdown tests are carried out has an influence on how 
high the dielectric strength is measured. Also the electrode configura-
tion has a strong impact not only on the level of breakdown strength but 
also on the scattering of the results. So far this is in agreement with the 
common accepted findings [37,40–44]. But although it is widely 
accepted, little attention is paid to it. 

For the determination of the dielectric strength there are similar 
standards from various institutions (e.g. DIN, ASTM, BSI), which contain 
specific requirements on electrode shape and size and in the DIN EN 
60243− 1:2014− 01 it additionally stipulate that the voltage ramp 
should be selected so that the breakdown occurs within 10–20 seconds. 
These specifications are useful to provide a standardized measurement 
method in the attempt that the results – for e.g. competitive materials – 
from the same test setup are comparable. Nevertheless, the data show, e. 
g. recently by Mieller 2019, that even within the framework of these 
standards differences in the dielectric breakdown strength of up to 50 % 
could be achieved with the same material [40]. This demonstrates the 
importance of having a comprehensive view on the mechanism of the 
dielectric breakdown and to record as much parameters as possible and 
to communicate this information in the publications. This objective of 
this work is not about generating norm-compliant data, but rather 
acquiring a deeper understanding of dielectric breakdown mechanism 
by reducing the effects of the experimental test conditions insuring that 
the breakdown is triggered by the material itself. 

The results obtained here confirm that the speed of the voltage ramp 
and the electrode geometry have a strong impact on the dielectric 
strength. It is very surprising how strong this effect is: For one and the 
same material, results deviating by up to 143 % were measured. The 
lowest value for Glass A is 150 kV/mm and the highest is 365 kV/mm. 
The same is true for Glass B, where there is a 113 % difference between 
215 kV/mm as the lowest value and 458 kV/mm as the highest value. 

If the ASTM and DIN standard measurements are not considered, the 
lowest values were measured with the three-electrode arrangement 
(setup A) at the slowest voltage ramp, while the highest values were 

Fig. 4. Breakdown channel within the electrode area (left) and breakdown channel at the electrode edge (right).  

Fig. 5. Dielectric breakdown strength of alumina (d = 503 ± 15 μm) measured 
with CSP-electrodes under test setup B at three different voltage ramps. All 
breakdown events were initiated within the electrode area. Plotted are the 
arithmetic mean values with standard deviation of minimum 5 measurements. 

Fig. 6. A comparison of the breakdown strength of Glass A measured with 
different electrode setups at 500 V/s and 5000 V/s. The test setup C at 500 V/s 
is in agreement with the ASTM and the test setup D at 5000 V/s is in agreement 
with the DIN standard. 
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measured with the CSP electrodes (setup B) and at the fastest voltage 
ramp. Taking the standardized measurements into account, an even 9% 
higher value of 399 kV/mm is measured for Glass A using the "ball on 
plate" setup. This indicates that conductive silver electrodes influence 
the measured dielectric strength. On the other hand if electrodes are 
applied by touching the samples’ surface (force controlled) and addi-
tionally using insulating oil it is unclear how much the dielectric 
strength of the oil layer influences the measurement by a discharge in-
side the oil. From the work of Talbi et al. and Neusel at al. [56,57] we 
know that most likely space-charge limited conductivity right before 
breakdown is the dominant conductivity mechanism and not linear 
ohmic conductivity. Nevertheless, we use a simple dielectric model to 
estimate the electric field Eoil =

U
soil+sglass∙

εoil
εglass 

within the thin oil layer in a 

planar capacitor geometry with the oil thickness soil and permittivity εoil 
and the glass thickness sglass and permittivity εglass. Correspondingly, the 
electric field in the glass is Eglass =

(U− Eoil soil)
sglass

. As an example, the case is 
calculated in Fig. 7 for glass A. We used the data we gained from test 
setup B at a voltage ramp of 200 V/s. It can be seen that the electric field 
within the glass substrate decreases with increasing oil film thickness 
and the field strength within the sample is lower than its dielectric 
breakdown strength for oil layer thickness greater than 4 μm. Addi-
tionally, the dielectric strength of the insulating oil is achieved with oil 
layer thicknesses of approximately 16 μm and less. This means that the 
oil layer is favorable to fail and measurements involving an oil layer are 
very likely to breakdown in an undefined state. As a consequence, a 
discharge is initiated in the oil layer, which in turn could lead to a 
temporarily conducting channel in the oil and thereafter to a breakdown 
in the glass. Even though this calculation differs from the actual geom-
etry of the tests and space charge conductivity is not taken into account 
it qualitatively shows the oils’ influence on the measurement. 

With the ball-on-plate electrode (DIN, setup D), the distance between 
the surface of the upper ball electrode and the substrate increases with 
the distance from the point of contact. So with this electrode configu-
ration the initiation of the dielectric breakdown depends a lot on the 
insulating oil. If the breakdown is not initiated directly at this contact 
point, the occurance/event is undefined. Our experience is that it initi-
ates rather seldom directly at the point of contact. 

All of this leads us to the conclusion that the breakdown should not 
run through the oil because otherwise it is difficult or impossible to 

make a qualitative statement about the triggering mechanism of the 
dielectric breakdown. The electric field distribution is strongly inho-
mogeneous and it is not possible to determine at which local electric 
field the breakdown started. In our opinion only electrodes on plan- 
parallel sample surfaces together with the “post-mortem” identifica-
tion of the breakdown channel being inside the electrode area physically 
guarantee well defined breakdown conditions, which can be used to 
interpret the breakdown mechanism. 

Another advantage of the silver electrodes is that the breakdown 
channel is clearly visible for the naked eye and thereby the samples and 
their breakdown strengths could be divided in two groups: the ones 
where the breakdown occurred within the electrode area and the ones 
where the breakdown was initialized at the electrode edge. By doing so, 
two different behaviors could be identified as seen in Fig. 3. The 
breakdowns within the electrode area are quite impassible by the 
voltage ramp, only the results for 20 and 10 V/s are significantly lower 
and for 5000 V/s and 10,000 V/s significantly higher. The same pattern 
is also shown by the standard deviation, which is overall very low, but is 
about twice as large with 4.5%–6.5% for the two slowest ramps (the 5 V/ 
s-ramp does not appear in the diagram, because at this voltage ramp all 
breakdowns have occurred at the edge of the electrode). We interpret 
this is an indication that the measurement setup with the CSP-electrodes 
leads to a sufficiently homogeneous electric field within the sample. 
Thus, a measurement, which is as little affected by external influences as 
possible, could be carried out. 

The standard deviations, which are generally quite high for break-
down values, also show a large difference: For breakdowns at the elec-
trode edge the standard deviation is on average 9% (22 kV/mm) 
whereas for breakdown inside the electrode the standard deviation is on 
average 3% (8 kV/mm). To investigate this phenomenon in more detail 
12 additional measurements at a voltage ramp rate of 200 V/s were 
conducted giving 22 data point in total. The determined dielectric 
breakdown strength values were divided in two groups of “breakdown 
within the electrode area” (13 samples) and “breakdown at the electrode 
edge” (9 samples). The Weibull-plot of these results is shown in Fig. 8. 
The values from the electrode edge show a poor fitting to the reference 
line with a slope of m = 15, which is the Weibull modulus. For the data 
points from the electrode area the Weibull modulus is m = 67. The result 
that breakdowns within the electrodes arise at much higher voltages 
with much less scatter of the breakdown strength is confirmed. 

In addition it is possible to analyze the probability of the breakdown 
initiating within the electrode area or at the edge. As shown in Fig. 9 the 
likelihood for the breakdown to occur at the electrode edge increases 
with decreasing voltage ramp rate. While at a voltage ramp rate of 
2000 V/s all the samples broke down within the electrode area, not a 
single one did at a voltage ramp of 5 V/s. The shift happened between 
100 V/s and 200 V/s. With even faster ramps, however, the probability 
of an edge breakdown increases again. Either a new range/zone 
(different time dependency, mechanism, etc.) is reached or it is due to 
the device and its limitations. Up to a voltage ramp of 2 kV/s set voltage 
and actual voltage coincide. At a voltage ramp of 5 kV the actual voltage 
is 1 kV behind the set voltage and at a voltage ramp of 10 kV it is 2.2 kV 
behind. Thus, we reach the limits of our test equipment. 

At a voltage ramp of 200 V/s also 151.7 ± 3.1 μm and 213.7 ± 5.4 μm 
thick Glass B was tested. Here, we were interested in the location of the 
breakdown channel. The results are given in Fig. 9 as the probability of 
the breakdown initializing within the electrode area and the breakdown 
initializing at the electrode edge. As mentioned before, for the 70 μm 
thick Glass B the breakdown always occurred within the electrode edge. 
For the 150 μm thick Glass B 8 out of 10 samples broke down within the 
electrode area and two at the edge and for the 210 μm thick Glass B the 
breakdown always occurred at the electrode edge, even at a voltage 
ramp of 5000 V/s. 

For 72 μm thick Glass B the influence of the voltage ramp is stronger. 
In contrast to Glass A all breakdown events were initialized within the 
electrode area and, however, the breakdown strength deceases with 

Fig. 7. Electric field strength within Glass A and the oil layer, respectively, as a 
function of the oil layer thickness. The blue area marks the range of dielectric 
strength of Glass A tested with setup B at 200 V/s, the red area marks it for the 
insulating oil. Exemplarily calculated with the average breakdown voltage of 
Glass A, 48.6 kV, and the average thickness of the corresponding samples, 151.4 
μm (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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decreasing voltage ramp. But if we normalize the results to the thickness 
and permittivity of Glass A the trend of both investigated glasses looks 
similar as shown in Fig. 10. 

For the 214 μm thick Glass B the weak spots were always at the 
electrode edge. If we assume that there are no defects within the samples 
and the surface filaments have the same length as the ones in thinner 
samples, the impact of these filaments is much bigger in thin samples 
than in thicker ones. From our publication [58] we can estimate the 
filaments to be around 20–30 μm long. This corresponds to up to 40 % of 
the 72 μm thick sample. With increasing material thickness this ratio is 
shrinking and thus the breakdown at the electrode edge becomes more 
likely (Fig. 11). 

It is obvious that the edge of the electrode represents a favored 
breakdown location/line, as margins, edges and corners cause field 
enhancements (hence the rounded electrode shape in the standards or 
the Rogowski-profile). Jagged edge geometries from SEM images sup-
port this hypothesis and show a radius of curvature of the conductive 

Fig. 8. Weibull plot of the breakdown voltage at a 200 V/s-ramp for Glass A, 152 μm, measured with test setup B. The results distinguished in regard of the 
breakdown location at the edge of the electrode or within the CSP-electrode area. Weibull moduli m and 95 % confidence intervals are included as dashed lines. 

Fig. 9. Left: Correlation of ramp rate and initialization point of breakdown. With lower voltage ramp the breakdown tends to occur at the electrode edges which 
leads to misleading results for the breakdown strength and should not be taken into account for the determination of the breakdown strength of a material. Right: 
Probability of the breakdown location depending on the material thickness. 

Fig. 10. Dielectric breakdown strength as a function of the electric field ramp 
of Glass A, Glass B and AO under test setup B. From the slope of the regression 
line the parameter n can be calculated. 
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silver at its outer edge <50 nm Under these circumstances/consider-
ations, data derived from edge breaches should not be included, as un-
defined conditions prevail here. 

The location of the breakdown is not just by chance but is influenced 
by the voltage ramp. With slower ramps the breakdown tends to 
initialize at the electrode edge. Additionally, the values from the elec-
trode edge show a strong downward trend with the decreasing ramp. An 
explanation for this phenomenon could be the slow extension of the 
filaments of length a due to local charge accumulation. With slower 
voltage ramps and thus associated longer exposure time this effect be-
comes stronger, which we see in a drop of 35.3 % of dielectric strength 
from 312.6 kV at 1000 V/s to 202.2 kV at 5 V/s (the 2000 and 5000 V/s- 
ramps do not appear here, because at this ramp all breakdowns have 
occurred within the electrode area). If we assume a subcritical filament 
growth velocity v similar to subcritical crack growth [59] by a 
power-law: 

v =
da
dt

= A Gn
bd (1)  

Where A and n are materials constants and Gbd is the energy release rate 
for a breakdown channel under applied electric field Eappl as defined in 
Schneider [28]. 

Gbd = b ε ε0 E2
appla d (2)  

where ε and ε0 are the dielectric constant of the insulator and the 
permittivity of free space, d is the thickness of the sample and b a 
geometrical constant. Putting (1) and (2) together we get: 

dt =
1

A (b ε ε0 E2
appla d)n da (3) 

Integration of (3) from the initial filament length ai to the critical 
value ac yields for an arbitrary time dependent applied electric field 
Eappl(t)
∫ tbd

0
E2n

appl(t)dt =
1

A( ε ε0 d)n
(n − 1)

[
a1− n

i − a1− n
c

]
(4) 

If it is assumed that the lifetime tf and breakdown strength Ebd are 
caused by the same initial filaments, the initial breakdown strength Ei as 
well as the final breakdown strength can be calculated as follows: 

ai =
Gc

bd
b ε ε0 d E2

i 
and ac =

Gc
bd

b ε ε0 d E2
bd 

(5a and b) 

Introducing (5) into (4) leads to 
∫ tbd

0
E2n

appl(t)dt =
1

A( ε ε0 d)n
(n − 1)

En− 1
i

(

1 −

(
Ebd

Ei

)n− 1
)

(6) 

Combining material parameters and defining a new parameter B as 

B =
1

A( ε ε0)
n
(n − 1)

(7) 

We finally get: 
∫ tbd

0
E2n

appl(t)dt =
B
dn En− 1

i

(

1 −

(
Ebd

Ei

)n− 1
)

(8) 

In our experiments constant voltage ramps U̇ corresponding to con-
stant loading rate of the applied electric field Ė = const were used. Hence 
Eappl = Ėt and the integral on left hand side of (9) can be solved 
analytically, leading to the result: 

E2n+1
bd = Ė(2n + 1)

B
dn En− 1

i

(

1 −

(
Ebd

Ei

)n− 1
)

(9) 

For n≫1,
(

Ebd
Ei

)n− 1

≪1 and (9) can be approximated by: 

E2n+1
bd = Ė(2n + 1)

B
dn En− 1

i , for n >> 1 (10) 

In the logarithmic form (10) reads: 

lnEbd =
1

2n + 1
lnĖ +

1
2n + 1

ln
[

(2n + 1)
B
dn En− 1

i

]

, for n >> 1 (11) 

Exactly this relationship for all samples with setup B is plotted in 
Fig. 9 for normalized values of a thickness d = 152 μm. The evaluation 
of the slope in this double logarithmic plot leads to the n values as given 
in Table 3. 

As can be seen in Table 3 the n-values are all much bigger than 1. n- 
values for subcritical crack growth at room temperature for alumina 
ceramics are 12–60 [60–62] and for borosilicate glass 15–50 [63–66]. 
These values have to be halved as the fracture mechanics n-values are 
related to the fracture toughness and the dielectric breakdown values 
are related to the breakdown toughness, G∝K2. The result shows that the 
parameter n for subcritical filament is similar in magnitude as the 
subcritical crack growth parameter. 

5. Conclusion 

As expected we found a clear dependence of the dielectric break-
down strength of the applied voltage ramp. With decreasing voltage 
ramp the breakdown strength decreases. Additionally, the scattering 
increases with lower voltage ramps. Another important finding was the 
importance of the conductive silver paint electrodes for our measure-
ments. When the same measurements were carried out with and without 
conductive silver paint electrodes it turned out, that the breakdown 
strength values are significantly lower without CSP-electrodes and the 
scattering is very high. Thus, the surrounding insulating medium has a 
great impact on the breakdown strength measurement of a material. If 
partial discharge or flash over is happening during the measurements, 
the breakdown strength will be significantly lower due to surface 
damage and related energy release. 

To evaluate the dependence of the breakdown strength on the 
voltage or electric field loading rate, a model based on the hypothesis of 
subcritical filament growth was developed, which is very similar to the 
evaluation of subcritical crack growth data in ceramics. This model is 
able to describe the measured loading rate depending breakdown 
strengths data, which deliver a parameter for the subcritical filament 

Fig. 11. FIB picture of the edge of a conductive silver paint electrode. By FIB a 
cross section was removed to have a look inside to see the radius of curvature. 

Table 3 
Determined n-values for subcritical filament growth from Fig. 9 according to 
(11) for a normalized breakdown strength of all samples of = 152 μm.  

Material Glass A Glass B Al2O3 

Subcritical filament growth value, n 13.9 7.8 34.5  
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growth. The analyzed subcritical filament growth parameters are similar 
to the determined subcritical crack growth parameter for the same 
ceramics. 

It is very important to identify the breakdown locations because our 
measurements show that the breakdown at lower voltage ramps tends to 
be initiated at the edge of the electrode. This knowledge is fundamental 
for the interpretation of the measured breakdown strength. Previously, 
it was assumed that the breakdown strength scatters so much due to 
material properties or imperfections, respectively. Our results reveal 
however, that the scattering of the breakdown strengths values is due to 
the set-up and the way the breakdown measurement is conducted. 

It is therefore of utmost importance to know the limitations of the 
measurement set-up. Questions about the disruptive potential gradient 
or the discharge voltage should be clarified in advance. It is also rec-
ommended to carry out measurements at lower material thicknesses in 
order to stay below this limit (if one is interested in the dielectric 
strength of the material). Measurements at different material thick-
nesses, which remain below the flashover voltage in oil or other sur-
rounding media, can be scaled up with the 1̅ ̅

d
√ -dependency. This 

relationship has already been demonstrated in various publications [49, 
67–70]. 
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