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Motivation

Dielectric strength is an important material parameter
verified using various standards, depending on the
material and application, e.g. IEC 60243or IEC 60455,
whereby minimum requirements for the specific
applications are defined by separate standards, e.g.
IEC/TR 62039.

It is known for AC tests that test parameters (electrode
geometry, ambient medium, specimen thickness, etc.)
have a significant influence on the measured dielectric
strength. For example, measurements in insulating oil or
air show considerably lower breakdown voltages than
when casted in an embedding medium (e.g. silicone).
Testing with an embedding medium, with similar
permittivity, is recommended to determine the intrinsic
value of the dielectric strength. The minimum
requirements according to IEC/TR 62039 on 1 mm thick
specimens are usually already achieved when testing in
insulating oil, for larger specimen thicknesses, casting in
a suitable, solid, embedding material is necessary.

Some recent standards deviate from the mentioned 
requirements [4] in terms of minimum requirements and 
required specimen thickness: 

• DL/T 376:2010 – AC 20 kV/mm DC 30 kV/mm (on 2 
mm thick specimens)

• DL/T 376:2019 – AC 20 kV/mm AC (on 1 mm thick 
specimens)

• DL/T 810:2012 – DC 30 kV/mm DC (on 2 mm thick 
specimens)

The prescribed greater specimen thickness and higher 
minimum dielectric strength with AC suggests that 
testing in an embedding material (e.g. silicone) is 
required. Furthermore, testing with DC is required 
whereby the following question arises: 

➢ Can the minimum requirements at AC and DC be 
met and if, under which conditions? 

➢ Is there a dependence of the results on the rate of 
voltage rise with DC voltage and if, how huge is it?

➢ Why should 2 mm specimens be used and is there a 
similar dependence of the breakdown strength on 
the specimen thickness with DC voltage as for AC? 

➢ What influence does the embedding material have 
on the test results at DC voltage? 

➢ Is a test in insulating oil sufficient for DC voltage?

To contribute with practical measurements to these 
questions, the dielectric strength of two typical silicone 
insulating materials for high-voltage outdoor use has 
been tested under different test conditions with AC and 
DC voltage.

Experimental setup & test procedure

Breakdown tests are done on two different silicone
elastomers which differ in their electrical and mechanical
characteristics. All measurements have been carried out
on plate shaped specimen with an acrylic test
arrangement with a sphere to plate arrangement in
accordance with IEC 60243-1 (Figure 1).

The DC breakdown test are done with different
specimen thickness and voltage increase rates (Table 1).
Test are done with and without solid embedding. For
solid embedding a plastic mold is used. The embedded
specimens are vacuumized to achieve a bubble-free
potting and cured at 60 °C for 2 h.

Electric field calculations

For a better understanding of the test results electrical
field calculations were carried out with a rotation
symmetric model in COMSOL Multiphysics. The
parameters are given in Table 2. The calculations are
done for AC (physic - electrostatic) and DC (physic -
electric currents).
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Voltage type / increase embedding Specimens

DC+
fast increase, 5 kV/s

silicone 
SIR 1, SIR 2
d = 2 mm

insulating oil 
SIR 1

d = 1 mm - 3 mm

DC+
slow increase, 300 V/s

silicone 
SIR 1, SIR 2
d = 2 mm

insulating oil 
SIR 1

d = 1 mm - 3 mm
AC

fast increase, 5 kV/s
silicone 

SIR 1, SIR 2
d = 2 mm

 high voltage connection
 acrylic glass container
 insulating oil 
 spherical electrode ø 20 mm
 Specimen (with/without embedding)
 grounded plate electrode ø 25 mm

Figure 1 – Test Arrangement
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Table 1 – Test Parameters

Material εr (50 Hz) k in S/m (60 s value)

SIR 1 4.08 1.39e-12

SIR 2 2.37 1.04e-13
Embedding SIR 2.66 7.52e-15

Steel 1 4.0e6

Insulation oil 2.4 5e-13

Table 2 – Material Parameters for electric field calculation
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Breakdown strength with solid 
embedding

For comparison purpose, measurements of the 
breakdown strength of both materials (embedded) were 
carried out with AC (Figure 2). 

➢ Both materials clearly exceed the relevant minimum 
requirements  (10 kV/mm or 20 kV/mm).

➢ The determined, relatively high, breakdown 
strengths are in the range of single-material 
systems, i.e. above 40 kV/mm.

➢ The average breakdown voltage of both materials 
shows slight, no significant, difference .

In addition measurements with DC were carried out for 
both materials with solid embedding (Figure 3) and 
compared to the AC results. 

➢ SIR 1 shows only a slight influence of the voltage 
increase rate, which is not statistically significant.

➢ SIR 2 shows a  significant difference in breakdown 
strength depending on the  voltage increase rate.

➢ In contrast to AC, the breakdown strength of SIR 2 
is significantly higher than that of SIR 1 at DC. 

➢ It is considered that differences in the electrical 
conductivity of the materials (SIR 1, SIR 2, 
embedding material) are the reason for the 
observed differences. 

Breakdown strength with liquid 
embedding

To evaluate the influence of the specimens thickness and 
embedding material, investigation in insulating oil are 
done (Figure 4) with slow and fast voltage increase rate. 

➢ As know for AC, the DC breakdown strength shows 
a clear non-linear thickness dependence, i.e. a 
higher breakdown strength.

➢ The dielectric strength values measured are 
significantly higher than those measured with ACrms

in insulating oil (experience of 20 - 30 kV/mm).

➢ The minimum requirements according to DL/T 376 
and DL/T 810 are well exceeded.

➢ A influence of the voltage increase rate can be 
determined (10 - 15 %). 

➢ The difference to solid embedding (20 – 25 %) is less 
than expected.

Comparison of breakdown location

The breakdown locations of each test was determined 
afterwards and is compared (Figure 5). 

➢ breakdown locations with solid embedding are 
mainly in the area of the maximum field strength 
(sphere contact point) for AC and DC.

➢ breakdown in insulation oil is mainly in boundary 
field area of the arrangement with clearly visible 
pre-discharges
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Figure 2 – AC breakdown strength of both silicone elastomers

Figure 3 –DC breakdown strength (embedded)

Figure 4 – DC breakdown strength depending on thickness

Figure 5 – example of breakdown location (SIR 1, 5 kV/s)

in oil solid embedding
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Comparison of AC and DC electric 
field distribution

The AC electric field of both materials is compared in
Figure 6 as a reference.

➢ Overall field distribution is very similar for both SIR. 

➢ Minor difference of field distribution in accordance 
with the breakdown test results 

➢ Embedding in this material is suitable for both SIR, 
even if the relative permittivity varies by factor 0.9 
– 1.5.

In contrast to this, the electric field strength at DC differs
significantly (Figure 7).

➢ The electric field distribution is more 
inhomogeneous in comparison to AC. 

➢ The field strength in the triple point at the spheric
electrode is much higher for SIR 1 as well as the 
field strength in the specimen at the sphere.

➢ In accordance with the breakdown test results.

Influence of conductivity on the DC 
field distribution

Further calculations have been done to evaluate the
influence of the conductivity ratio between the
embedding material and the specimen on the example
of SIR 1 (Figure 8).

➢ By increasing the conductivity to a similar value 
(factor 2) the maximum field strength is strongly 
reduced and the field distribution becomes more 
similar to AC.

➢ A higher conductive embedding material (case c, 
factor 0.02) should be avoided as it can lead to an 
undesired homogenization of the electric field and 
therefore higher breakdown voltages. 

Conclusion and recommendation

Before performing DC breakdown tests with solid
embedding, the conductivities of the test specimens and
the embedding material must be evaluated and chosen
carefully. Otherwise wrong conclusions can be drawn.
Also, a clear definition of a conductivity ratio must be
taken into account regarding DC breakdown standards
e.g. IEC 60243-2, which is not the case at the moment.

➢ A conductivity ratio of up to 1:185 or higher might
be still suitable as well as testing in insulation oil to
evaluate regarding the minimum requirements

➢ To allow a proper comparison of the breakdown
strength of different materials, the conductivity
ratio should be as similar as possible, a factor 2-3
seems to be permissible.

Study Committee D1
Materials and Emerging Test Techniques

Paper ID_11442

0

10

20

30

40

50

60

70

0 1 2

fi
el

d
 s

tr
en

gh
t i

n
 k

V
/m

m

distance in mm

SIR 1

SIR 2

0

50

100

150

200

250

300

350

400

450

500

0 1 2

fi
el

d
 s

tr
en

gh
t i

n
 k

V
V

/m
m

distance in mm

SIR 1 SIR 2

Figure 6 – AC electric field distribution for SIR 1 and SIR 2

Figure 7 – DC electric field distribution for SIR 1 and SIR 2 

Figure 7 –Electric field (kV/mm) with different conductivities 
of the embedding material a) κSIR 1 ≈ 185 ∙ κembedding (as for 

experiments) b) κSIR 1 ≈ 2 ∙ κembedding c) κSIR 1 ≈ 0.02 ∙ κembedding

a) b) c)
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