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Abstract - In this paper, Nonceramic Insulator (NCI) life expectancy and future performance are evaluated by exposing 
Silicone Rubber (SiR) and Ethylene Propylene Diene Monomer (EPDM) based insulators to weathering and accelerated aging 
testing techniques.  The tracking wheel test is the aging method selected to assess the NCI insulators' resistance to tracking and 
erosion under high pollution.  Such aging and degradation process was evaluated utilizing Fourier Transform InfraRed (FTIR) 
spectroscopy as well as visual inspection testing techniques.  The test results were analytically analyzed by employing linear 
regression statistical method. 
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I. INTRODUCTION 
 
In power lines and substations, insulators provide the 
necessary mechanical support and electrical isolation 
between conductors and their associated structures. 
They are also used as terminations at joints connecting 
overhead transmission or distribution lines to 
underground cables.  Two main types of insulators, 
ceramic and nonceramic, are utilized widely in the 
electric power installations. Ceramic insulators have 
been widely utilized by the power utilities for over a 
century; Nonceramic insulators (NCIs), on the other 
hand, are relatively new.  The first generation of 
polymeric transmission line insulators was introduced 
commercially in the 1970s, and came into a more 
widespread use on transmission lines in the 1980s[1]. 
By the end of the 1980s they constituted about 20% of 
the United State transmission line insulator market and 
continue to grow [2]. Recently, great interest in 
installing NCIs on electric utility lines and substations 
has grown significantly. In the United States, 60-70% 
of all new installations of high voltage insulators are 
NCIs [3]. 
 
A typical NCI consists of a fiberglass core covered by a 
polymer housing, and metal end fittings on both ends. 
The fiberglass core provides the NCI with the required 
mechanical strength to support the line conductors. 
The NCI housing is designed to protect the core from 
natural elements like moisture and contamination, as 
well as to increase the distance between the energized 
and grounded ends of the insulator [4]. Typically, such 
materials as Silicone Rubber (SiR), epoxy resin and 
Ethylene Propylene Diene Monomer rubber (EPDM) 
based polymers are used in manufacturing NCI 
housings [5]. 
 
NCIs are subjected to electrical, mechanical and 
environmental stresses while in service outdoors. 
Electrical stresses might be a direct result of transient  

 
conditions such as lightning and switching operations, 
or simply from the steady state, nominal, 60 or 50 Hz 
operating voltage applied across the insulator. 
Tensions caused by the conductors’ weight and wind 
varying speeds are examples of mechanical stresses. 
Environmental stresses range from severe conditions 
like earthquakes, hurricanes and ice storms to heat and 
moisture of any form, i.e. rain, dew or fog. Exposure to 
ultra-violet (UV) radiation from sunlight, moisture 
absorption and high temperatures can physically 
change the surface of the insulator by roughening and 
cracking. Such degradation process is attributed to 
chemical changes undergone by the polymer after 
prolonged exposure to such factors [6]. The intensity 
of the factors described above will determine the speed 
of any related degradation processes and the expected 
life span of the NCI [7]. 
 
Several studies have been conducted in order to assess 
the insulator performance under the stresses applied 
and to try predicting its performance in the field.  Tests 
were conducted in laboratories by either using single 
stress or multi stress aging approach. Single stress 
concept relates the main factor to be studied or 
predicted to a single stress only while keeping other 
factors constant; conversely, multi stress has the merit 
of relating the main factor to one or more stresses. By 
far, the single stress approach is widely employed 
mainly because it is more economical to perform and is 
less time consuming in both preparation and running 
the test.  Dakin [8] proposed the most widely employed 
single stress aging model for electrical stress; which 
relates insulation life to temperature. Dakin thermal 
model was based on Arrhenius relation which suggests 
that for every 10⁰C increase in temperature the 
insulation life would be halved, and conversely a 
decrease of 10⁰C would double the life [9]-[10]. Both 
test modes result in enormous data that need to be 
analyzed. Statistical methods are incorporated to fully 
evaluate the performance and come out with models 
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represent the insulator behavior. 
 
This study examines the performance of the NCIs by 
conducting tracking wheel test. It also employs Fourier 
Transform Infrared (FTIR) spectroscopy to evaluate 
the changes that may take place during degradation 
mechanism. 
 
Statistical techniques are utilized to analyze the 
tracking wheel test results as well as to predict the 
future performance and to estimate the life expectancy 
of the NCIs. 
 
II. TESTING METHODS OF NCI 
 
Predicting the life expectancy of NCIs and forecasting 
their performance are always of big concern to utilities 
since they are relatively new technology. Realistic 
results of outdoor insulators are obtained from field 
station tests and actual performance on power lines 
[11]-[12]. Most conducted experiments on NCIs are 
accelerated life tests mainly performed in laboratories 
or outdoor test sites. These tests are primarily useful to 
both utilities and manufacturers.  From the utilities 
point of view, the results obtained can be used in 
ranking the polymeric insulators, determining the 
ability of NCIs to meet their design requirements, and 
to investigate the NCIs end life modes, i.e. flashover, 
tracking, erosion, punctures, etc.  Manufacturers can 
utilize the tests in developing better insulating 
materials and optimizing NCI design [13]. 
 
A. Tracking Wheel Experiment 
Surface aging exhibited in the form of tracking and 
erosion is a major limitation of NCIs performance. 
These degradation modes are irreversible and 
permanent and often cause NCIs to fail. The 
rotating-wheel-dip test, also referred to as the 
Merry-go-round test, originally developed by Ontario 
Hydro in Canada [14], has been used as a method to 
evaluate the resistance of housing materials against 
erosion and tracking. The early version of this test [15] 
was conducted by fixing samples on a rotating wheel, 
dipping them in salted water and then exposing them to 
a high voltage action. This operation usually leads to 
severe tracking and erosion of the tested samples. As 
this test often led to results contradictory to field 
experience findings, it was strongly criticized. The 
questionable results were mainly because such 
procedures did not allow tested samples to recover 
hydrophobicity, which is responsible for providing 
NCIs with the superior performance in the field 
[16]-[17]. Hence, the capability of suppression of the 
leakage current was not evaluated. 
 
Laboratory tests conducted under weathering 
conditions similar to those experienced in the field 
have the merit of simulating the actual environment in 
the lab to a good extent. These kinds of experiments 
allow better understanding of NCIs aging process and 

performance while in service. For this reason, a 
modified version of the rotating wheel dip test 
(referred hereafter as the tracking wheel test) was 
developed which takes into consideration the 
hydrophobicity factor neglected by the previous 
procedure. By allowing two recess periods in the test 
cycle, before and after the sample being exposed to the 
high voltage terminal, the procedure roughly mimics 
the intended working mode of NCI in reducing the 
resistance of hydrophobicity.  Figure 1 shows a 
schematic diagram of the tracking wheel test setup in 
the high voltage lab. 

 
Fig. 1. Tracking wheel test system [18]. 

 
1) Tracking Wheel Experiment Setup 
The NCIs to be tested are 15kV distribution insulators, 
suspension/dead end type. They are mounted on the 
tracking wheel device as shown in Figure2.  The wheel 
rotates through the four positions in one cycle. Each 
NCI remains stationary for 30seconds in each of the 
four positions.  Changing the positions takes about 
4~seconds and the entire cycle is completed in 
approximately two minutes.  The wheel moves 
90⁰stepwise. In the first part of the cycle, the insulator 
is submerged in a saline solution at the bottom of the 
wheel. The saline solution is NaCl added to de-ionized 
water to meet the required conductivity (2300µs/cm). 
Then the insulator is rotated to a horizontal position in 
the second part of the cycle and the surplus of the 
electrolyte flows to the bottom and drips down. Next, 
the tracking wheel specimen is made vertical and 
comes in contact with the high voltage electrode.  
When the sample is subjected to a constant AC 15 kV 
nominal line voltage, dry bands are produced and 
electric discharges are developed. In the final part of 
the cycle, the insulator will be allowed to cool off and 
then the cycles will continue in the same manner.  The 
experiment duration lasts until failure or 1000h, i.e. 
equivalent to 30000cycles [19]. 
 
A Data Acquisition System (DAS) is employed to 
monitor the cumulative charge for each insulator being 
tested. The DAS calculates two times integrals, one is 
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for the positive half cycles and the other is for the 
negative half cycles of the leakage current for the 
tested insulator. The sum of the absolute values of the 
two time integrals is called the cumulative charge for 
that contact time.  Every time the charge is calculated 
by DAS it is added to the previously calculated charge 
value. Cumulative charge data obtained in the course 
of tracking wheel test of the four polymer insulators 
will be statistically analyzed. 

 

 
Fig. 2. Tracking wheel test system setup in the HV lab. 

 
2) Evaluated Samples 
Four test insulators of identical overall lengths, but of 
different profiles, leakage distances and 
manufacturers, are tested. Two of the samples have 
SiR housing material, named SR1 and SR2. The 
watersheds of the other two are EPDM based material, 
named EPDM1 and EPDM2. Figure 3 shows the four 
samples evaluated, and Table I shows their leakage 
distances. 
 
Both SiRs and EPDMs are polymeric materials that 
exhibit elastic properties similar to rubber. Silicones 
are unusual family of polymers, half organic and half 
inorganic. They have a backbone of alternating silicon 
and oxygen atoms. SiRs and EPDMs have the general 
structure as shown in  4 and Figure 5, respectively.  
Alumina trihydrate (ATH, Al2O3.3H2O) is widely used 
as thermal protective filler due to its ability to reduce 
the surface temperature during arcing events by 
decomposing to aluminum oxide and water [20]. ATH 

fillers impart good dry band arcing resistance and fire 
retardant, hence limiting thermal degradation [21]. 
 
B. Fourier Transform Infrared (FTIR) 
Spectroscopy 
FTIR has been extensively used and proven to be 
useful in studying and monitoring the structural 
changes in NCI housing materials before and after 
being subjected to different kind of stresses. In this 
technique, the sample to be analyzed is put in contact 
with crystal of high optical transmission.  Infrared (IR) 
radiation is passed through the crystal and penetrates 
the sample surface. The depth of the penetration 
depends upon the type of crystal used in the scanning 
operation. When the incident light of a proper 
frequency matches the test sample molecules' 
wavenumber, the radiation will be absorbed (or 
transmitted) proportionally to its concentration in the 
sample. Basically, this technique measures the 
absorption of various infrared light wavelengths by the 
material of interest. The spectrum obtained is a plot of 
intensity (in the form of percentage transmittance or 
absorbance) against wavelength of various chemical 
groups in the material (expressed as wavenumber per 
centimeter length, cm-1). Wavenumber, shape, and 
intensity for absorption bands are characteristic of the 
molecule structure and bond strength of the sample. 
For example, intensity of zero percent transmittance at 
specific frequency indicates that the light is completely 
absorbed and also reflects high concentration of that 
group.  For the purpose of the present analysis, Table II 
shows the wavenumbers associated with the silicone 
rubber and EPDM based materials [22]-[23]. 
 

 
Fig. 3. Samples evaluated in the tracking wheel test. 
 

Table 1 Leakage Distances of Test Samples 
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Fig. 4. Basic Chemical Structure of SiRs. 

 
Fig. 5. Basic Chemical Structure of EPDM Monomer. 

 
Table 2 IR Wave Numbers and Bond Absorption 

Characteristics of SIR AND EPDM Based Materials 

 
 

The chemical structure of the NCI surface changes 
during the aging process by either reducing the 
intensity of chemical group FTIR peaks, or producing 
new ones [24]-[25]. In order to investigate the aging 
mechanism, FTIR readings are taken from new 
insulators and at every 100h interval during the time 
duration of the wheel test.  After each 100h period, the 
test is stopped for 15 to 20minutes in order to prepare 
samples to be tested directly by FTIR. The sample 
dimensions are approximately in the range of 10mm 
x10mm.  The FTIR spectrometer used in this analysis 
consists of a NICOLET 205 FTIR, with an EZ-scope 
attachment from Spectra-Tech as a mean of 
microanalysis. 
 
III. OBSERVATION AND FTIR ANALYSIS 
 
A. Visual Observations 
The insulators described earlier did not fail either 
electrically by flashover or mechanically by any kind 
of separation in the laboratory test. Through visual 
inspection, only EPDM2 sample showed some erosion 
in the last shed at the mold parting line and light 
discoloration in various places along the insulator as 
shown in Figure 6.  Another noteworthy observation is 
that the discharge activity locations were different at 
each energized period for all the evaluated polymeric 
insulators. Also, most of the discharge activities 
disappeared at the last 300h of the experiment 
duration.  Such behavior indicates that the insulator 
absorbed enough moisture, thereby allowing the 
leakage current to flow in the moisture layer during the 

whole energizes period (30 seconds). 

 
Fig. 6. Erosion in sample EPDM2 

 
B. Analysis of FTIR Spectra 
One of the aims of this study is to analyze FTIR spectra 
to shed light and to understand the permanent changes 
of NCIs surfaces. In Figures 7-10, typical FTIR spectra 
are recorded at every 100 h to the end of the 1000 h test 
duration time and are compared to those corresponding 
to new samples. By examining FTIR spectra, it was 
observed that peaks’ heights at different wavelengths 
varied with time. It is well known that changes in IR 
absorption peak heights may be due to actual changes 
in the chemical composition of the polymer, as well as 
surface changes such as increased surface roughness 
[3]. This indicates that aging is the main factor behind 
depolymerizing the top surface layers in the tested 
insulator [4].  Tables III-VI show comparisons 
between transmittance peaks at the beginning and the 
end of the 30000 cycles. 
 

 
Fig. 7. FTIR spectra for SR1 insulator. 
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Fig. 8. FTIR spectra for SR2 insulator. 
 

 
Fig. 9. FTIR spectra for EPDM1 insulator. 

 

 
Fig. 10. FTIR spectra for EPDM2 insulator. 

 
Table III Wavenumbers of SR1 Insulator at New and 1000 h 

Spectra 

 
 

Table IV Wavenumbers of SR2 Insulator at New and 1000 h 
Spectra 

 
 

Table V Wavenumbers of EPDM1 Insulator at New and 1000 h 
Spectra 

 
Table VI Wavenumbers of EPDM2 Insulator at New and 1000 h 

Spectra 

 
 
C. FTIR Results 
The major findings of the experimental work presented 
in this section can be summarized as follows: 

 Based on the FTIR analysis, SR1 is 
performed better than SR2, and EPDM1 
surpasses EPDM2. 

 SR1 has the smallest reduction in the 
backbone peak intensity of the polymer, while 
EPDM2 has the largest decrease in the 
backbone peaks. 

 EPDM2 is believed to be the worst of all the 
insulators tested because of the degradation 
marks manifested during the experiment and 
due to the severe dehydration in ATH filler 
evident from its FTIR spectra (see Table VI). 

 Furthermore, in a ranking order SR1 can be 
judged to be the best among those insulators 
tested in the lab whereas EPDM2 to be the 
worst. 

 EPDM1 is expected to behave better than SR2 
due to less peak reduction in the FTIR. 
However, the differences between the two 
readings are not significantly different. 

 In light of this, one can say that ranking SR2 
and EPDM1 is a debatable issue. 
 FTIR proved to be useful in assessing and 
discriminating between samples of interest. 

 
IV. STATISTICAL ANALYSIS OF TRACKING 
WHEEL TEST RESULTS 
 
The relationship investigated in the tracking wheel test 
results is the cumulative charge passed through the 
subject insulator during the energized periods obtained 
by DAS versus the time consumed or the number of 
cycles. Since the residuals are normally distributed and 
homoscedastic, the linear regression is chosen to be the 
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tool employed in this analysis to obtain the statistical 
tests, model parameters, confidence and prediction 
intervals. 
 
A. Cumulative Charges as an Aging Factor 
The results obtained for each evaluated polymeric 
insulator are the variation of cumulative charge with 
the testing time (cycles), as shown in Table VII. The 
number of cycles is standardized to number of years 
and is considered to be the dependent variable while 
the cumulative charge is the independent variable. The 
experiment was conducted in a period of 1000 h or 
30000 cycles, each cycle was about 2 minutes. 
 
Minitab statistical software is used extensively in this 
analysis. By investigating Figure 11, one notices that 
there are two trends. The first trend shows roughly a 
straight line, and the other exhibits a knee shape within 
the line.  SR1 and EPDM2 represent the first trend 
while SR2 and EPDM1 represent the second. For the 
first trend, the regression analysis will be applied on 
the whole data points.  
 
Regarding the second trend, since the purpose is to 
investigate and to predict the life expectancy of the 
NCI insulators, the most important data points are 
those gathered towards the end of the experiment 
testing time. Those points represent the last rate of 
change in the NCI surface material before the 
experiment was stopped and censored.  For that reason, 
a special attention will be paid towards them. 
 
Table VII Cumulative Charges and The Corresponding Number 

of Cycles. 

 
 
 

 
Fig. 11. Cumulative charge plot for SiR and EPDM samples. 

 
B. Analysis of SiR Samples 
The least square estimates of the intercept and the 
slope of the simple linear regression model for SR1 
and SR2 are provided in Table VIII.  Figure 12 and 13 
show the regression plots with the 95% confidence and 
prediction intervals for both insulators. The model of 
SR1 is represented by (1), while (2) represents SR2 
model. Their Analysis of Variance (ANOVA) results 
are shown in Table IX. 
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years SR1Cycles 0.105554 0.0001525 Charge     (1) 

years SR2Cycles 0.00130 0.000094 Charge          (2) 
 
Both models have a high coefficient of determination 
(R2) value; i.e. SR1 and SR2 models have R2of 99.3% 
and 99.2%, respectively. The Anderson-Darling test's 
p-value of 0.841 and 0.495 for respectively SR1 and 
SR2, indicates that the data follow normal distribution. 
After checking the model adequacy and with 95% level 
of confidence, the extrapolated life expectancy values 
of SR1 and SR2 insulator are calculated and shown in 
TableX. 
 

Table VIII Results of The Regression Analysis for SIR and 
EPDM Insulators. 

 
 

Table X Results of Extrapolated Life Expectancy for All 
Insulators 

 
 

Table IX Results of Extrapolated Life Expectancy for All 
Insulators 

 
 

 
Fig. 12. Regression plot, Confidence and Prediction Limits for 

SR1. 
 

 
Fig. 13. Regression plot, Confidence and Prediction Limits for 

SR2. 
 
C. Analysis of EPDM Samples 
The least square estimates of the intercept and the 
slope of the simple linear regression model for EPDM1 
and EPDM2 are provided in Table VIII. Figure 14 and 
Figure 15 show the regression plots with the 95% 
confidence and prediction limits for both insulators. 
The model of EPDM1 and EPDM2 are represented by 
(3) and (4), respectively. Their ANOVA results are 
shown in Table IX. 
 

years EPDM1Cycles 0.0.0000453 0.0001016 Charge  (3) 

years EPDM2Cycles 0.0478 0.000041 Charge     (4) 
 
The two models fit the data perfectly, i.e. R2 for both of 
them is unity. The analysis of residuals also indicated 
that there were no major violation in the assumption of 
normality of the residuals. After checking the model 
adequacy and with 95% level of confidence, the 
extrapolated life expectancy values of EPDM1 and 
EPDM2 insulator are shown in Table X. 
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Fig. 14. Regression plot, Confidence and Prediction Limits for 
EPDM1. 

 

 
Fig. 15. Regression plot, Confidence and Prediction Limits for 

EPDM2. 
 
CONCLUSION 
 
The life expectancy of the NCIs was investigated. This 
was performed both experimentally by conducting 
both tracking wheel test and FTIR spectroscopy, and 
analytically by utilizing statistical techniques to 
evaluate the outcomes of tracking wheel test. Besides 
visually inspecting the tested samples for degradation 
symptoms, FTIR was found to be significantly useful 
in tracing irreversible polymeric changes took place 
during the degradation process. Also, FTIR findings 
were found to be consistent with the tracking wheel 
model readings. Linear statistical techniques was used 
to analyze the performance of the NCIs as well as 
predicting their life expectancy. The techniques were 
selected according to the outcome nature of the test. In 
tracking wheel test, the outcome was dependent 
variable with normally distributed errors. That opened 
the door for the linear regression to be used in 
investigating NCIs life longevity. 
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