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Silicone rubber insulator

Silicone rubber (SiR) has become a reliable choice for outdoor high voltage
(HV) insulation in recent years. However, the durability of these polymeric
materials is affected by both electrical and environmental stresses, leading to
aging. While prior research aimed at enhancing performance, little focus was
placed on identifying the major root causes of aging in these insulators. To
delve into the causes, we conducted inclined plane tracking (IPT) tests,
varying voltage, flow rate, and contamination concentration. Samples with
consistent alumina trihydrate (ATH) filler content were tested under the
BSEN 60587 standard. The voltage ranged from 3.5-5.5 kV, flow rate from
0.3-0.9 ml/min, and contamination concentration from 500-4500 puS/cm. A
Two-Level Factorial analysis with a design of experiment (DOE) approach
was used. The study revealed that contaminant concentration significantly
impacted leakage current (LC), followed by contamination flow rate and
voltage. Additionally, optimization techniques are used to determine ideal
LC values under specific conditions. This study explains how each factor
affects LC values, allowing for predictive modelling, which improves our
understanding of SiR insulators' durability, optimizes LC in real-world
situations, and improves their performance and lifespan.

This is an open access article under the CC BY-SA license.

0

Corresponding Author:
Hidayat Zainuddin

Fakulti Teknologi and Kejuruteraan Elektrik, Universiti Teknikal Malaysia Melaka (UTeM)
St. Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

Email: hidayat@utem.edu.my

1. INTRODUCTION

Polymeric high voltage (HV) insulators are one of the key components in the transmission and
distribution system. Polymeric insulators like silicone rubber (SiR) thrive better than glass and ceramic
insulators. Excellent hydrophobicity, lightweight, and high resistance to tracking and erosion are a few
advantages of SiR. However, the primary concern of polymeric insulators is their long-term performance in
the real environment as harsh weather and pollution can affect the performance of insulators and may cause
unplanned line outages [1]. HV insulators need to withstand both electrical and environmental stresses to
ensure their reliability in the long run. Exposure to electrical stress (corona and dry band discharges) and
environmental stresses (heat, chemicals, salts, and acid) can degrade the polymer, resulting in insulator

aging [2], [3].

Previously, it was observed that insulation samples with thicker pollutant layers tended to show
higher leakage current (LC) values, though these values may vary due to scintillation [4]. Another study
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found that moisture reduced the surface resistance of aged polymeric insulators, significantly increasing LC
under wet and polluted conditions [5]. Next, HV insulators exhibited elevated LC values when exposed to
marine pollutants, indicating the detrimental impact of salts and water on outdoor insulation [6].
Additionally, rainwater with high anion levels results in lower pH values and increased acidity, impacting
conductivity levels and contributing to insulator degradation. In fact, rainwater in certain region regions, such
as Bintulu and Kuching, recorded high inorganic content with pH levels ranging from 4.3 to 7 [7]. Urban
areas like Kuala Lumpur have slightly acidic rainwater with a pH range of 5.9-6.5 [7], [8]. Besides pollutants,
a rise in voltage could also intensify the electric field stress of the tracking test [9]. On the contrary, the
tracking resistance of SiR was found to be the lowest at 4.5 kV despite the voltage ranges of 3 to 5 kV [10],
implying that increased voltage may not always compromise the material's resilience to tracking and erosion.
Therefore, to assess insulator suitability in different environmental conditions, it is crucial to understand how
voltage, contaminant levels, and moisture affect the LC intensity of the insulator, as these factors represent
some of the stressors present in the real environment of an outdoor insulator.

Recent studies have shown the analysis of the performance of polymers against electrical and
environmental stresses, and some have been tested under rapid aging by analyzing their LC [11]-[13]. Rapid
aging tests, such as the inclined plane tracking (IPT) test, mimic harsh environments under controlled
conditions, enabling researchers to assess an insulator's resistance to environmental and electrical stresses in
a shorter time. The LC values provide insights into surface conditions and the connection between electrical
discharges, pollution levels, and surface conductivity. Therefore, IPT is a convenient method for monitoring
and diagnosing insulator surface conditions [14]. Moreover, it's crucial to identify the optimized factors
leading to the lowest LC. In fact, the significance of optimization in today's diverse industries is undeniable
[15]-[17]. After careful consideration, this study will unveil the significance of three critical factors (voltage,
flow rate, and contaminant concentration) and their interactions in affecting the LC intensity of SiR insulator
samples via IPT test. The LC values will be analyzed to obtain the impact of each factor. This research also
enables us to gauge the performance of SiR through predictive analysis of the LC values within the chosen
ranges of the factors, offering valuable information on factor interaction and optimization of SiR, facilitating
decision-making in real-life HV insulator applications.

2. METHOD

This section consists of the sample preparation and experimental setup of the IPT test. The
chronological of sample preparations is explained. In addition, the experimental setup details are also
provided.

2.1. Samples preparation and experimental setup

The samples of SiR were prepared using raw Elastosil R401 SiR, peroxide curing agent of dicumyl
peroxide (DCP) (98% active), alumina trihydrate (ATH) micro filler and heat stabilizer. The mix of SiR
samples consists of 50 pphr of ATH, 0.5 pphr of DCP, and 2 pphr of heat stabilizer. The particular
combination of SiR blends was chosen based on prior research on SiR with the highest surface resistivity and
relative permittivity [18]. Table 1 highlights the samples run and their recorded LC values. For an easy
representation of factors, voltage is also labelled as A, flow rate as B, and contamination concentration as C.

Table 1. The experimental conditions are created by varying the values of factors using the software

. LC values (A
Run A (kV) B (ml/min) C (uS/cm) 60 minutes 36(0 rzwinutes

1 55 0.9 4500 0.018483 0.045863
2 3.5 0.9 4500 0.0119907 0.028884
3 55 0.3 4500 0.0070938 0.018964
4 35 0.3 4500 0.0067391 0.0144639
5 55 0.9 500 0.0061885 0.01994

6 3.5 0.9 500 0.0008019 0.001033
7 55 0.3 500 0.0022849 0.0041148
8 3.5 0.3 500 0.000372 0.0005118
9 45 0.6 2500 0.0084544 0.0218242
10 45 0.6 2500 0.00720272 0.02322

11 45 0.6 2500 0.00804327  0.0192007

The experiment was conducted based on the standard BS EN 60587 IPT test of the constant tracking
method. It should be noted that, according to the standard, the LC values should be below 60 mA. The values
set for voltage ranges were 3.5 to 5.5 kV, the flow rate 0.3 to 0.9 ml/min, and the contaminant concentration
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were 500 to 4500 pS/cm. The experimental conditions of the two factorial methods were decided via Design
Expert Software. There is an overall 11 run with three repetitions at a center point. The experimental setup
can be reviewed from reference [13]. Then, to allow easy representation of the factors, voltage is labeled as
A, flow rate as B, and contaminant concentration as C. The LC values obtained were analyzed based on two
stages of analysis. The first stage is at the 60-minute mark, and the second is at the 360-minute mark of the
IPT test.

3. RESULTS AND DISCUSSION

The obtained LC values from both stages are compared to see the relations between the increment in
LC and the contributions of each factor. The results were analyzed and discussed in subsequent subsections.
The subsection comprises contribution level, interaction plot, ANOVA, regression equations, 3D response
surface interaction plots, and optimization.

3.1. Contribution percentage of factors affecting LC values

The percentage of contribution indicates the role of each factor and its interaction in influencing the
LC values of the tested samples. A statistical comparison was made between each term's contribution
percentage at the first and second stages. Table 2 shows both stages' contribution percentages and p-values.

Table 2. The percentage of contributions and p-value for both stages

Term First stage Second stage

(%) contributions _ p-value (%) contributions  p-value
A: voltage 9.43 0.0159 13.89 0.0168
B: flow rate 20.73 0.0073 23.86 0.0099
C: contaminant concentration 56.60 0.0027 48.93 0.0049
AB 4.35 0.0335 5.54 0.0406
AC 0.0096 0.8254 0.008 0.8747
BC 7.14 0.0208 4.48 0.0495
ABC 0.33 0.2779 0.06 0.6729
Overall model - 0.0108 - 0.0171

In both stages, the primary factor influencing the LC values was C, accounting for 56.6% in the
initial stage and 48.93% in the second stage. B was the second most significant factor in both stages,
contributing 20.73% and 23.86%, respectively. Factor A followed by 9.43% in the first stage and 13.89% in
the second stage. Next, for the interaction between these factors, AB recorded 4.35% in the initial stage and
5.54% in the second stage, while BC was 7.14% and 4.48%, respectively. However, the AC factor is the most
minimal. Previous electrical failure simulations reported an increase in current density with rising
contaminant flow rate and voltage. However, there was no analysis on contaminant concentration or factor
interactions [19].

3.2. Analysis of variance

Analysis of variance (ANOVA) analysis emphasizes the significance of factors affecting the LC
values for SiR samples via p-value, as shown in Table 2. An element is deemed significant if the p-value is
<0.05 and insignificant if >0.10. In statistics, the coefficient of determination (R?) measures how well the
model replicated the outcomes or regression model, with one as the best value. In this case, the LC at the first
and second stages is the dependent variable, while the A, B, and C factors are independent variables. The
overall model for both stages show a significant p-value of 0.0108 in the first stage and 0.0171 in the second
stage, with an R? value of 0.9969 for the first stage and 0.9951 for the second stage, indicating high accuracy
for the model. The p-values of A, B, C, AB, and BC are significant in both stages, with values <0.05. The
high contribution percentages of the single factors A, B, and C are not shocking as these results are aligned
with the fundamental process of tracking and erosions, which begins when samples are exposed to the
contaminant. The presence of LC across the insulator induces ohmic heating, leading to the formation of dry
band arcing (DBA), damaging the surface hydrophobicity and exacerbates LC across the exposed area.
Hence, thermal depolymerization and deterioration of the polymeric samples become inevitable [9]. It should
be noted that the interactions between factors can be complex and non-linear, and their combined effects may
not always be straightforward.

3.3. Interaction plot
The interaction plot provides insights into the relationship between two independent factors,
uncovering causal connections where changes in one factor directly influence the other, shedding light on
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their mutual reliance and interdependency. The plots can also reveal interaction effects between the two
factors based on the third factor. Unveiling hidden trends that may not be evident when studying each factor
individually.

3.3.1. The first stage

The interaction plot between factors A and B is presented in Figure 1. An increase in factor A is
followed by an increase in LC values for both concentrations of B (0.3 and 0.9 ml/min). In Figure 1(a), the
red line representing B at 0.9 ml/min increases by 5.39 mA as A increases from 3.5 to 5.5 kV. For B at
0.3 ml/min, the LC increases by only 1.91 mA. In Figure 1(b), an increase in A results in a rise of 6.5 mA in
LC for B at 0.9 ml/min and an insignificant rise of 0.36 mA for B at 0.3 ml/min. In both figures, LC values
increase more prominently for B at 0.9 ml/min. LC also increases as C rises from 500 to 4500 pS/cm.
Specifically, at 3.5 kV, the LC for B at 0.9 ml/min increases by 11.19 mA, at 5.5 kV, it increases by
12.3 mA. Conversely, the increases are lower for B at 0.3 ml/min (6.47 mA at 3.5 kV and 4.8 mA at 5.5 kV).
In this stage, factor A strongly affects LC values for B at 0.9 ml/min. The increase in LC is intensified by the
rise in factor C, highlighting the impact of higher contaminants on the LC values. Perhaps an increase in C
induces higher conductivity levels, as it has previously been found that acidity (pH value) could impact the
conductivity levels of rainwater [9].
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Figure 1. Interaction between A and B when; (a) C at 500 uS/cm and (b) C at 4500 uS/cm at 60 minutes

Next, exploring the relations of BC with 7.14% of the contribution is also essential. The interaction
between factors B and C is shown in Figure 2. In Figure 2, as B increases, the LC also increases. In
Figure 2(a), for C at 4500 puS/cm, LC increases by 5.25 mA as B rises from 0.3 to 0.9 ml/min, but for C at
500 uS/cm, the increase in LC increases is merely by 0.43 mA. Similarly, for Figure 2(b), as B increases, C
at 4500 pS/cm exhibits a higher rise in LC at 11.39 mA, while for C at 500 puS/cm, the surge was at 3.9 mA.
In both figures, the rise in LC values was more noticeable for the higher value of C (4500 uS/cm). In both
Figures, the elevation of A from 3.5 to 5.5 kV led to a rise in LC. Specifically, at 0.3 ml/min, LC increases by
0.35 mA for C at 4500 uS/cm and 1.9 mA for 500 puS/cm. At 0.9 ml/min, C at 4500 uS/cm exhibited a
6.5 mA increase, whereas at 500 pS/cm, the rise was 5.3 mA. B majorly affects LC values for C at
4500 pS/cm. However, for 500 pS/cm, the impact of B is less prominent. In this first stage, factor C is more
influential in affecting overall LC increment, matching the highest percentage of contributions, as shown in
Table 2. Comparing the LC trends in Figures 1(b) and 2(b) reveals a more pronounced rise of LC in 2(b),
aligning with a higher percentage of contribution for BC than AB at this stage.

3.3.2. The second stage

The interaction plot between factors A and B is presented in the following Figure 3. Increasing A
leads to a rise in LC values for factor B with both concentrations. In Figure 3(a), as A increases from 3.5 to
5.5 kV, B at 0.9 ml/min shows an increase of 18.91 mA in LC, while B at 0.3 ml/min shows a rise of 3.6 mA.
Likewise, as in Figure 3(b), as A rises, the LC for B at 0.9 ml/min increases by 16.98 mA, while for B at
0.3 ml/min, the rise is only by 4.5 mA. LC also increases as C rises from 500 to 4500 uS/cm. Specifically, at
3.5 kV, the LC for B at 0.9 ml/min increases by 27.85 mA; at 5.5 kV, it increases by 25.92 mA. The
increments are lower for B at 0.3 ml/min with 13.95 mA at 3.5 kV and 14.85 mA at 5.5 kV. Upon
comparison, Figures 3(a) and (b) show a notable influence of factor A on the increase in LC for B,
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particularly at 0.9 ml/min and especially when C is 4500 puS/cm. Compared to the first stage, the rate of
overall LC increment also appears to be more pronounced for 0.3 ml/min, accounting for the rise in the

contribution percentage of AB by 1.19, A by 4.46%, and B by 3.13%.
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In Figure 4(a), for C at 4500 uS/cm, LC increases by 14.42 mA as B escalates from 0.3 to
0.9 ml/min. As for C at 500 pS/cm, the upswing in LC amounts to a mere 0.52 mA. In Figure 4(b), the rise of
B leads to a more substantial boost in LC for C at 4500 uS/cm, increasing by 26.9 mA. Conversely, C at
500 pS/cm had a rise of 15.83 mA. In this stage, the effect of B becomes more pronounced for C at
500 pS/cm, mainly when A is set at 5.5 kV. This could be due to the rise in the percentage of contribution of

factor A at this stage.
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Figure 4. Interaction between B and C when; (a) A at 3.5 kV and (b) C at 5.5 kV at 360 minutes
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3.4. Regression equation

The regression equation can be utilized for predictive analysis. The prediction of LC values can be
made by substituting the original unit values for the factors. In (1) depicts the regression equation for the first
stage and (2) for the subsequent stage. The equation visualizes the relationship between the input and
response variables, enabling LC estimation for improved SiR insulator performance and longevity in real-life
conditions.

first stage = 0.000888 — 0.000307A — 0.015447B + 1.27776 X 107°C + 0.004262AB
—8.7775 x 1078AC + 2.27081 X 107°BC — 1.19542 x 10~7ABC (1)

second stage = 0.008418 — 0.00265A — 0.05083B — 2.39247 x 1077C + 0.01416AB
+5.98681 x 1077AC +9.90014 x 107°BC — 1.25215 x 10°ABC (2)

3.5. The 3D response surface plots

The 3D-response surface plots allow a clearer view of the interactions between all independent
factors, visualizing the relationship between multiple factors and the response variable. The 3D
representation of the AB and BC interaction is discussed in which the x and y-axis represent the factor while
the z-axis represents the LC.

3.5.1. The first stage

Figure 5(a) depicts the 3D interaction of factors A and B, while Figure 5(b) illustrates the 3D
interaction of B and C. The highest LC value of AB interaction is 12.2276 mA, while for BC, it is
15.1241 mA. At this stage, factors B and C appear to contribute to the LC increment. The heightened LC
value for BC in this stage supports the rationale for its greater contribution percentages compared to AB.
Earlier, R. Hackam elucidated that transient hydrophobicity loss due to moisture is minimal but could notably
accelerate when caused by contamination-induced hysteresis [20], [21]. As hydrophobicity wanes, tracking
and erosion are triggered, which explains why the BC interactions were more pronounced than those
involving other factors in the initial phase of the IPT test.
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Figure 5. The 3D-response surface plot between; (a) A and B factors when C remained constant and (b) B
and C factors when A remained constant

3.5.2. The second stage

Figure 6(a) depicts the 3D interaction of factors A and B, while Figure 6(b) illustrates the 3D
interaction of B and C. In this stage, the highest peak of AB interaction is 32.76 mA, while for BC, it is
37.24 mA. Notably, this stage illustrates a noticeable increase in the overall LC values compared to the first
stage. The LC peak of AB surged by 167.51%, while BC rose by 145.83%. The increase in the test time led
to more hydrophobicity loss, intensifying samples' LC and aging. Therefore, aged insulators usually had a
higher LC value [22].
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3.6. The optimization and process capability index (Cpk) for SiR samples

Optimization is only performed on the LC data for the second stage, a critical stage that describes
the tolerance LC for the samples. This part deduces combinations at factor levels that satisfy all
specifications on each factor while maintaining an output with high process capability index (Cpk) and
desirability values. Desirability values help find the best factor settings that meet specific target goals for
multiple response variables [23]. Cpk is a statistical measure that evaluates a process's ability to produce
output within set limits. The Cpk value ranges from 0 to 1 or higher and can vary according to industry
standards and needs. The commonly used guidelines: Cpk<1: the process is incapable of meeting the
specifications; 1<Cpk<1.33: the process is slightly capable and needs improvement to comply with
specifications; 1.33<Cpk<1.67: the process is competent and consistent in meeting specifications;
1.67<Cpk<2: very capable, well within limits and high level of consistency; Cpk>2: a robust process with
minimal variability [24], [25]. Figure 7 shows the optimization under a few conditions.

In Figure 7(a), A was set to a maximum and BC to a minimum, and the achievable LC is 9.69479 mA
with Cpk of 1.5 and desirability of 93.3 %. In Figure 7(b), only B was set to a maximum, and the achievable LC is
9.69481 mA with a Cpk of 1.5 and desirability of 93.3%. In Figure 7(c), only C was set to maximum, and the LC
is 14.4639 mA with 100% desirability and 2.28 of Cpk. In Figure 7(d), all factors were set to a maximum, and the
predicted LC is 36.68 mA, with Cpk of 1.5 and 92.8% desirability. Overall, the values of LC get more intense as
the factor maximizes. However, obtaining samples with low LC, high accuracy and high desirability is feasible by
comprehending the connections between factors and applying the appropriate optimization strategies.
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Figure 7. Optimization of factors value to get minimum LC via; (a) maximum A, minimum B and C;
(b) maximum B, minimum C and A; (c) maximum C, minimum A and B; and (d) maximum A, B, and C
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4. CONCLUSION

In conclusion, the study successfully evaluated the impact of voltage (A), flow rate (B), and
contamination concentration (C) on the leakage current (LC) values of SiR for failure analysis.
Contamination concentration had the most significant impact on LC values, followed by flow rate and
voltage. Interactions between factors AB and BC also contributed to increased LC intensity. The predictive
equation for LC values under varying conditions was deduced, and 3D-response surface plots and
optimization provided a precise evaluation of the contributions and impacts of all factors and their
interactions. The SiR samples demonstrated the ability to withstand all tested conditions, with the highest LC
score well below the 60 mA threshold allowed during the IPT test. This study highlights the SiR blends'
capacity to endure various factors and optimize LC outcomes, offering insights into producing more
competent and consistent insulating materials. The findings not only reveal the roles and interactions of each
factor in affecting LC values and SiR insulator failure but also predict the SiR insulator's producibility and
resilience in real-world environments.
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