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Abstract- This paper investigates the use of a statistical analysis
for assessing the filler dispersion in silicone rubber composites
used for high voltage outdoor insulation applications. The study
particularly examines the use of the Median Absolute Deviation as
a robust measure to evaluate the variability, and thus
repeatability, of thermogravimetric analysis test outcomes for
different silicone rubber composites at different temperature rise
rates. Different Alumina-trihydrate filled silicone rubber
composites are examined in the study. The results suggest a
correlation between the Median Absolute Deviation and the degree
of filler dispersion observed under Scanning Electron Microscopy.
This correlation in outcomes is particularly evident at 25 °C/min.
The composites are further tested using the dry-arc resistance test
as per ASTM D495. The variability in the erosion resistance
outcomes of the dry-arc resistance test correlate with the Median
Absolute Deviation outcomes. These outcomes collectively suggest
the potential of the proposed statistical approach as a quick
assessment tool to supplement microscopic imaging towards
understanding the effect of the degree of filler dispersion on the
erosion resistance of silicone rubber for use in high voltage
outdoor insulation applications.

Keywords- High voltage outdoor insulator, silicone rubber
composites, filler dispersion, Median Absolute Deviation.

I. INTRODUCTION

Outdoor insulators play a crucial role as backbone
components in electrical power transmission and distribution
systems. Polymeric outdoor insulators with polymeric housing
materials, such as silicone rubber (SiR), are considered
advantageous over ceramic outdoor insulators in terms of the
significant weight reduction they provide. The use of SiR
outdoor insulators is particularly beneficial for silicone
hydrophobicity which naturally resists the formation of wet
contaminant films and, subsequently, hinders the formation of
eroding dry-band arcing which is the critical ageing mechanism
of SiR outdoor insulators [1]. Research primarily concluded
that the inclusion of inorganic fillers in silicones to create SiR
composites is beneficial towards improving the erosion
resistance of these materials for use in high voltage alternating
and direct current (HVAC and HVDC, respectively) outdoor
insulation applications. Alumina-trihydrate (ATH) and silica

are examples of such commonly used inorganic fillers in SiR
composites [2].

Effective dispersion and distribution of the filler particles in
the silicone matrix is essential to obtain the utmost benefit of
the filler in improving the erosion resistance of SiR. Research
indicates that the proper dispersion of the filler particles
improves the thermal conductivity of the SiR composite which
in turn improves the erosion resistance of the composite against
eroding dry-band arcs. Du et al. in [3] illustrated the effect of
proper filler dispersion on the thermal conductivity of boron
nitride filled-SiR and the impact of that improvement on
thermal conductivity on the DC erosion resistance of the
composites. The proper dispersion of the fillers was preserved
using mechanical mixing with a sonication technique. The
impact of filler dispersion of silica fillers on the erosion
resistance of SiR composites was further outlined in the work
of [4] by illustrating the superior erosion resistance of
composites fabricated by electrospinning technique as
compared to conventional mixing technique. In similar
research, Khanum et al. in [5] indicated the improvement of the
thermal conductivity of SiR composites by means of using
electrostatic dispersion technique to ensure effective dispersion
of boron nitride filler particles in SiR. In other research [6], the
impact of filler dispersion on the thermal decomposition
properties of the SiR composites was also highlighted whilst
indicating the impact of filler calcination and surface treatment
on the filler dispersion.

The role of filler interface on the erosion resistance of SiR
composites was highlighted in previous studies such as in [7-9].
The interaction between the filler and the silicone plays a
crucial role in determining the thermal decomposition
properties during the erosion of the SiR material under dry-band
arcing. Increasing the effectiveness of the filler-polymer
interface role would essentially require a good dispersion and
distribution for the filler particles within the silicone matrix.
Thus, examining the filler dispersion in the prepared SiR
composites is a key factor towards predicting the thermal
decomposition properties and the erosion resistance of the
composites under dry-band arcing. Microscopy is typically
used to qualitatively asses the dispersion of the filler in SiR
composites. However, setting up the samples for imaging in
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tools such as Scanning Electron Microscopy (SEM) could be
difficult and time consuming in terms of the effort that has to
be invested in obtaining the images that could properly indicate
the degree of filler dispersion in the prepared composite. The
presented paper proposes a complementary and relatively
quantitative approach which utilizes the Median Absolute
Deviation (MAD) as a measuring statistic to assess the
variability in thermogravimetric analyses (TGA) test outcomes.
The proposed method examines the TGA plots and provides an
insight of the degree of filler dispersion in the SiR composites.
Two different types of ATH-filled SiR composites have been
selected for the study, one of which is a commercial composite
while the other is prepared in the laboratory. The dry-arc
resistance test is used to further asses the erosion resistance
outcomes of the composites, and investigate whether the
variability in these outcomes could correlate with those of the
MAD.
II. MATERIALS AND METHODS

Table I shows the details of the SiR composites used in the
study along with their associated properties. The composites
used in this study are ATH-filled SiR composites with different
ATH filler levels and particle sizes. The 5 percent by weight
(wt%) nano-ATH filled SiR composite, or A0S, was prepared
in the laboratory using a two-part room temperature vulcanized
(RTV) SiR, RTV 615, from Momentive®. Details of the
preparation procedure of the composite can be further found in
[7-9]. The 60 wt% micro-ATH filled SiR composite, or A60, is
a commercial composite for HV outdoor insulation
applications. The composites have been investigated in prior
research in [7, 11] and selected for this study based on the prior
knowledge of the degree of dispersion of the filler in the SiR
composite.

TABLE I
SIR COMPOSITEs USED IN THE STUDY AND ASSCOIATED FILLER PROPERTIES
Composite . Filler Filler wt%
Inorganic Type of . .

Sample Fillers SiR Particle in samples
Code Size (um) prepared
A0S Alumina RTV 1x107 5
A60 Trihydrate HTV? NP® 60

 High Temperature Vulcanized, ® Information not provided

The prepared composites are tested using the TGA. Each
composite formulation was tested five times in nitrogen for a
given temperature rise rate. Two temperature rise rates of
25 °C/min and 100 °C/min have been selected for the study to
represent the slow and fast temperature rise rates respectively.
The temperature span was set from 80 to 800 °C with the sample
under test weighing between 10 to 20 mg. For a given set of five
TGA outcomes, the MAD was computed for each temperature
point T (ranging from 80 to 800 °C) using the equation,

MADy = median(|Wr,—Wr|) T=/80,800] i=[1,5] @)

where MADry is the computed median value for set of five
absolute differences between the TGA percentage weight Wr,
(at the i” TGA test outcomes) and the median TGA percentage
weight Wy of the five Wy, values at a given temperature point 7.
The final outcome of using (1) is to eventually produce a single
MAD plot for the given set of five TGA plots at a given

temperature rise rate for the temperature span from 80 °C to
800 °C. The higher the MADr value for a given temperature
point 7, the higher is the variability and inconsistency amongst
the five TGA weight percentage values for that same
temperature point. To have a reference for the filler dispersion
and distribution in the composites, SEM was used in the study.
The samples were prepared for SEM imaging through blade
cutting, followed by gold sputter coating.

Fig. 1 shows the setup for the dry-arc resistance test used in
the study. The dry-arc test is set as per the ASTM D495
standard [10]. For this study, the dry-arc resistance test is
primarily used to assess the erosion resistance of the composites
and their variability through multiple test runs, while ensuring
a stable arc pattern during the tests. Such a condition is
important in order to minimize the effect of the arc instability
on the variability of the erosion resistance determine, either in
terms of erosion depth or volume. Accordingly, variability in
the erosion resistance obtained would be rather attributed to the
effect of the filler dispersion. The test subjects the composites
under test to an arcing current mimicking the dry-band arc. The
magnitude and duration of the arc changes in scheduled Current
Step cycles (CS) which are defined in [10]. For this study, only
the first four cycles (CS1 to CS4) are used. Five tests were
conducted for each composite in the study to asses the
variability and repeatability in the erosion resistance outcomes.
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Fig. 1. Dry-arc resistance test used in the study.

II. RESULTS AND DISCUSSION

Fig. 2 and Fig. 3 show the SEM images obtained for the A0S
and A60 composites. A more dispersed and distributed pattern
for the filler particles can be seen in A60 as compared to A0S
composites. Though the filler loading level is 12 times higher
in A60 than in AOS5, the filler particle distribution and
dispersion is inconsistent in the later composite as observed in
the SEM image. The A05 SEM image shows agglomerates of
the filler particles and inconsistency in the filler particle sizes
and inter-particle spacing as compared to the A60. This
observation is further evident in terms of the much higher
magnification level of the image of the A60 as compared to
A0S.

The superior filler dispersion and distribution in the A60
particle could be highly dependent on the fabrication method
used to tear apart the ATH filler particles and mix them with the
silicone matrix. The composite preparation method can highly
influence the degree of filler dispersion as was explained in
[4,6], and for a commercial composite like that of A60 a surface
treatment of the ATH filler could have been used to improve
the filler dispersion during the fabrication process. As for the
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nano ATH filler used in A0S, previous research indicated poor
dispersion of nano ATH in SiR which was attributed to its
unfavorable interaction with SiR at the filler-polymer interface
resulting in the formation of filler agglomerates during high
shear mixing [7].
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Fig. . SEM image obtained for A60 at OOO magnification.

Fig. 4 and Fig. 5 show the TGA plots obtained for the A0S
and A60 SiR composites respectively. Each figure shows two
different temperature rise rates, 25 °C/min and 100 °C/min,
with five TGA tests plotted for a given temperature rise rate. As
was explained in [11], the evident thermal decomposition near
200 °C represents the dehydration of the ATH filler which is
more visible in the A60 composite as compared to the A0S
composite given the higher ATH filler loading in the former.
Further detailed analysis of the decomposition mechanisms in
ATH filled SiR composites under TGA can be found in [7]. As
can be clearly observed in the Fig. 4 and Fig. 5, a distinct
characteristic could be observed for the A60 composite in terms
of the consistency of the test outcomes at both temperatures rise
rates. The AO5 composite, however, seems to show more
variable TGA curves for both temperatures rise rates.

Fig. 6 and Fig. 7 show the MAD plots obtained for the TGA
outcomes of Fig. 4 and Fig. 5. As was explained earlier, the
MAD provides a robust measure for the variability of the TGA
test outcomes for a given temperature rise rate. As can be
clearly seen in Fig. 6, the A60 composite shows consistently
lower MAD values compared to the AO5 composite at
temperatures beyond 400 °C at the slow 25 °C/min temperature
rise rate. As was explained in [13], this 400 °C temperature
point represents the depolymerization of SiR under inert
atmosphere. This could accordingly suggest lower variability in
the TGA outcomes of the A60 composite which in turn
represents high repeatability in these test outcomes. This

repeatability could be primarily attributed to the well dispersed
and distributed ATH filler in A60 as compared to A0S as was
evident in SEM images of Fig. 2 and Fig. 3. In other words,
each 10-20mg sample taken from the A60 composite for TGA
testing is consistent in terms of the weight fraction of the filler
available in the sample under test. For the A0S composite, each
TGA sample under test could contain different weight fraction
of the filler as a result of the poor filler dispersion and
distribution which could significantly impact the thermal
decomposition characteristics as is observed in Fig. 4.

At the fast temperature rise rate in Fig. 7, the MAD plot seems
to show a difference in the trend of variance between the A60
and AO5 composites. Though the MAD values for the A60
composite are higher for temperatures less than 600 °C, the
MAD trend changes at higher temperatures to be similar to Fig.
6 between the two composites. This inconsistency in the MAD
trend could be a result of the faster temperature rise rates which
impacts the thermal decomposition properties of the composites
during the test run. It was explained in [12] that radical based
crosslinking is introduced in SiR at elevated temperatures
beyond 600 °C, which competes with the depolymerization of
SiR during the erosion process. This radical-based crosslinking
mechanism was also reported to be influenced by the
temperature rise rate which is set during the TGA test run [13].
Further investigation would be required in order to understand
the effect of the competing nature of the two thermal
degradation mechanisms on the corresponding MAD in the
TGA.
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Fig. 4. TGA plots for the A05 composite under 25 °C/min and 100 °C/min.
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Fig. 7. MAD plots for TGA outcomes under 100 °C/min.

Fig. 8 shows the dry-arc resistance test outcomes for the
composites of the study which are also reported in [11]. The
results indicate the average erosion depth and volume obtained
for five tests from each composite along with the associated
uncertainties in the measurements. The dry-arc resistance test
outcomes primarily indicate negligible uncertainties, and thus
insignificant variability, in the erosion resistance outcomes
obtained for A60. As for A0S, however, the higher uncertainty
in the measurements of both the eroded depth and volume
indicate a high inconsistency in the erosion resistance outcomes
which could be attributed to the poor dispersion and distribution
of the filler in the composite as observed in Fig. 2. Accordingly,
the degree of variability in the erosion resistance outcomes
correlates with the MAD outcomes obtained in Fig. 6.
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Fig. 8. Dry-arc resistance test outcomes for the composites of the study which
were previously obtained in [11].

These aforementioned outcomes collectively suggest the
feasibility of using the MAD as a statistical approach in
processing TGA test outcomes towards assessing the filler
dispersion of SiR composites. This approach could act as a
supplemental test to SEM for assessing the filler dispersion,
which ultimately is used to aid the erosion resistance outcomes

obtained by the dry-arc resistance test for developing SiR
composites for outdoor insulation applications.

CONCLUSION

The presented paper introduced a statistical approach for
assessing the filler dispersion in SiR composites using the
MAD. The outcomes of the MAD plots suggest a more
dispersion and distributed pattern for the filler particles in the
A60 commercial composite as compared to the A05 laboratory
prepared composite which goes in correlation with the SEM
images obtained in the study. Moreover, the MAD outcomes for
the two composites correlate with the variability in the erosion
resistance outcomes of the dry-arc resistance test. The proposed
approach could therefore be used as an additional tool
complementing the dry-arc resistance test for assessing the SiR
composites for use in HV outdoor insulation applications.
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