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Abstract: The aim of this work was to investigate the effects of the currents flowing through surge
arresters on the internal insulating textolite structure. The samples were removed from high-voltage
arresters that were taken out of service due to malfunction or failure. Discharge (short-circuit)
currents of diverse intensities and durations caused degradation effects of varying degrees of
advancement in the material of the tested elements. The samples were examined using microscopic
methods. The use of the microanalysis technique EDS (energy-dispersive X-ray spectroscopy) made
it possible to register changes in the elemental composition of the surface layer of the textolite
materials, along with the intensification of the degradation effects. It was found that the high
discharge current flows were subject to melting, charring and even burning of the organic adhesive.
These effects caused serious changes in the content of elements in the top layer of the textolite and
were the cause of a reduction in the service life, durability and reliability of the surge arresters. It
was shown that the textolite materials had insufficient resistance to the effects of the emergency
operation of the arresters after moisture ingress, which was a consequence of unsealing of the
housing. A solution to this problem proposed by the authors could be the use of silicone elastomer
as a covering of the textolite internal structure of surge arresters.

Keywords: surge arrester 1; TSE glass textolite 2; discharge (short circuit) current 3; EDS method 4

1. Introduction

The durability and reliability of surge arresters determine the effective overvoltage
protection of power networks. The current requirements concerning the high reliability
of electrical devices and instruments entail the need for the protection of all equipment
working in electrical networks against voltage surges caused by severe lightning,
switching operations or other factors [1-7]. Surges cannot be predicted and avoided.
Overvoltages appearing and propagating in networks can result in hazardous levels of
voltage stresses. They can damage the insulation of equipment or other components of
the electricity network and cause highly expensive disruptions in their operation. While
the devices installed in electrical substations should operate faultlessly, they should also
operate under disturbance conditions. Especially sensitive to overvoltages are
transformers, which play a key role in power systems; therefore, they have to be
particularly protected.
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Various methods of overvoltage limitation are applied, depending on the parameters
of the occurring surges and properties of the protected equipment [8-10]. For this purpose,
surge arresters are commonly used to protect transmission and distribution systems. The
most popular type of gapless devices is surge arresters containing ZnO metal-oxide
varistors (metal-oxide surge arrester (MOSA)). MOSAs are very effective voltage-limiting
devices due to the highly nonlinear voltage—current characteristics of the varistors and
rapid conduction response for high-voltage surges. Their design solutions, principles of
operation, and issues of long-time exploitation and testing methods were presented in a
cross-sectional way in multiple studies [1,11]. MOSAs have been enjoying continued
interest from researchers for many years and papers on a wide range of issues related to
these devices are constantly being published. A historical overview of the invention,
development and growing use of gapless surge arresters is presented in several works
[1,5,11]. The issue of work and effectiveness of the devices in various electrical conditions
and systems is frequently undertaken in various studies and is widely researched
[3/4,6,7,12,13]. Another question often found in publications on MOSAs concerns
operational problems related to the performance and reliability of devices [7,13-17]. The
diagnostics of surge arresters is also one of the important and frequently discussed issues
in the literature [1,11,18,19].

There are many causes of damage to surge arresters during operation. They are well
recognised on the basis of many years of operational experience and are similarly
presented in various publications [1,13,17,20-22]. The following reasons for the damage
should be mentioned here:

e Ingress of moisture into the interior, e.g., as a result of manufacturing defects or
degradation of seals;

e  Exceeding the peak value and/or duration of the discharge current of lightning or
switching overvoltages;

e Improper selection of the surge arrester to the network conditions, e.g., too low
continuous operating voltage;

e  Damage to or short-circuit of one of the arrester’s sections or varistors, e.g., as a result
of contamination or manufacturing defects;

e  Strong uneven pollution of the outer surface of the arrester’s housing;

e Occurrence of overvoltages of duration and peak value greater than the guaranteed
resistance to such effects (at mains frequency).

Many years of operating experience, as well as the authors’ practice, confirm that
moisture ingress, worsened by pollution, is by far the most common cause of degradation
and damage to surge arresters [1,15-17,19-21,23,24]. Moisture ingress into the interior of
a surge arrester may result from improper design or manufacturing, material defects in
the seals, improper assembly, damage or the deterioration of sealing materials, such as
rubber over time.

The moisture absorption in an arrester can result in increased leakage current,
typically in the range of milliamperes [17,18,25]. This can consequently lead to
overheating of the ZnO varistors, causing the temperature of the entire arrester to
increase. Moisture inside devices plays a significant role in the degradation process of
varistors. Moreover, this increases the thermal heating (risk of thermal instability) and
leakage current and, what is worse, causes discharges. Consequently, a defective arrester
is unable to work properly when an electrical surge occurs [7,11,26]. Moisture ingress may
result in its condensation and change in the protection level, as well as the capability for
energy dissipation. Typically, the level of humidity can increase up to 40-50%. At high
humidity levels, there is even the possibility of condensation during temperature changes.
The moisture layer on the internal parts of surge arresters can initiate internal flashover
[11,15-17,19,23].

Typical surge arresters have a closed construction and have a homogeneous polymer
housing around the internal components. The varistor pile is enclosed in a tube-shaped,
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shield-centring element, usually made of textolite TSE [1,11]. The benefit of such a design is
its high mechanical durability with relatively low mass, while the drawback is poor cooling
of the varistors. In addition, if no suitable countermeasures are provided in the design, there
is a risk of exposing the polymeric material to the effect of incomplete discharges, which
may occur between the inner wall of the shield-centring element and the varistor stack
under the influence of external contamination. Long-term practice demonstrated that short-
circuit currents cause partial discharges inside surge arresters. As a result, inside the
structure of surge arresters, the local temperature rises high. It mainly causes degradation
of the textolite material, which is used for the construction of internal elements.

For years, numerous studies on the negative impact of moisture on the functioning
of surge arresters have been carried out. The effects of the degradation of varistors were
also widely studied, in which the authors also participated [27,28]. The problems
connected with the functioning of varistors are generally well recognised. However, there
is no in-depth research on the effects of the degradation of the internal elements of surge
arresters made of glass—epoxy laminate, just like glass textolite TSE. Such studies have
been carried out by the authors for several years and are focused on the analysis of the
effects of flashovers on the surfaces of various elements made of textolite [29]. The
degradation effects caused by such discharges are often encountered in the case of the
failure of surge arresters. This seems to be a consequence of the properties of the textolite
itself, which shows insufficient resistance to the effects of emergency operation of the
arrester after moisture ingress, which is a result of unsealing of the housing.

2. Subject and Methodology of Tests

This paper presents the results of research on the stages of material degradation of
the textolite elements of surge arresters. The effects occur under the influence of the flow
of strong short-circuit currents. As it was mentioned, the authors have been involved in
similar research for many years [29]. The tested elements, mainly bushing supports, were
made of a glass—epoxy laminate, which is referred to as TSE glass textolite. The supports
constituting the subject of the research were dismantled from various high-voltage (HV)
surge arresters, through which discharge (short-circuit) currents of various intensities and
durations flowed. They caused clear degradation effects of varying degrees of
advancement in the material of the textolite elements, which could be observed and
documented. The surge arresters, from which the elements for testing were obtained, were
taken out of service due to a malfunction or failure.

Typical textolite bushing support without degradation effects obtained from a 110 kV
surge arrester that was removed from operation is shown in Figure 1. It had a height of 72
mm, an outer diameter of 80 mm and a hole diameter of 60 mm. It served as a reference
sample and material for the remaining samples with very different degrees of degradation.

To conduct the research, microscopic techniques were mainly used, i.e., optical
microscopy (MO) and scanning electron microscopy (SEM). The optical microscopy
method was used primarily for the preliminary inspection of the samples’ surfaces and
enabled quick comparative tests to be conducted. At low magnification (on the order of
50 times), significant areas of the surface were observed, making it possible to quickly
assess the nature and intensity of the degradation processes. At the same time, it was
possible to find interesting fragments of each sample surface, which were then examined
using scanning electron microscopy. The use of the vacuum technique made it possible to
make detailed observations in a wide range of magnifications ranging from several dozen
to even about 1000 times without the need to spray the samples with a conductive
medium. The use of both microscopic techniques made it possible to research and
document the effects of degradation of the top layer of the material on micro- and
mesoscales. The microanalysis technique EDS (energy-dispersive X-ray spectroscopy)
made it possible to register and document changes in the elemental composition, i.e., the
content of the elements of the surface layer of the textolite materials, along with the
intensification of the degradation effects. Generally, the use of EDS allowed for a quick
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qualitative and quantitative determination of the elemental composition of the areas of
interest, starting with boron (atomic number 5) in carefully selected places showing the
representative nature of the degradation processes. In order for the test results to be
reliable and fully comparable, the analysis had to be carried out on the same areas of the
surface. For all samples, irrespective of the degree of degradation, we chose an area of 4.0
mm?. For each sample with a given degree of degradation, EDS tests were performed at
four different points on the surface. Comparative studies showed that a sufficient picture
of the possible dispersion of parameters of the tested sample surface could then be
obtained.

Glass textolite TSE, which was the subject of the research, shows good dielectric
properties with high resistance to electric breakdown. It also demonstrates, as for a
laminate of this type, significant resistance to elevated temperatures, i.e., about 180 °C.
The support of the material, of the nature of a highly laminated composite, is prepared as
bundles of fibres made of special ECR glass in the form of a densely woven weave. A
typical composition of this type of glass includes about 60% SiO2, more than 20% CaO, a
dozen or so per cent of Al2Os and a lower content of other metal oxides [30]. A significant
amount of calcium in the elemental composition results from the use of CaCOs as a flux
and stabiliser in the glass batch. Aluminium comes from the oxide, which improves the
chemical resistance of this special-purpose glass. The presence of mobile sodium ions Na*
(e.g., from a flux like Na2COs) is minimised. Applied glass fibres have a diameter from a
few to approximately 20 um [31]. The adhesive (binder) of the laminate constitutes an
epoxy resin. It is obvious that the heat resistance of which, as an organic polymer, is much
lower than that of the fibreglass textile support.

Figure 1. Textolite bushing support that came from an operated 110 kV surge arrester. Due to the
lack of any degradation effects, the element was taken as a reference sample.

3. Tests Results

There were tested 14 samples, which came from nine overvoltage limiters, that were
taken out of service in the high voltage mains of 110 kV (in an exceptional case 220 kV). All
tested devices worked at transformer substations, in overhead conditions in the central
regions of the country, in practically the same climatic conditions and very similar low
pollution surroundings (zone I) [32]. It can be assumed that there were no differences in
environmental and contamination conditions between the workplaces of the devices. As
previously mentioned, the subject of this research was the nature and degree of
advancement of the degradation processes, as well as the elemental composition of the
samples’ surfaces.

3.1. The Reference State

The reference sample, which may be marked first, for the research on the effects of
degradation of the textolite material of surge arresters was the bushing support presented
in Figure 1, which was obtained from an operated device for the 110 kV network. The
arrester was decommissioned after a dozen or so years of operation. Small deviations from
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proper operation (too high leakage currents) resulted from the work of the varistor stack.
No traces of discharge (short-circuit) currents, resulting in heat generation, were found
inside the device or on the tested support. This made it possible to treat the tested material
as a reference state in relation to the textolite of other samples of the same or very similar
elements. They came from damaged HV surge arresters and showed signs of degradation
with a highly different degree of advancement. It should be emphasised that often within
a sample or several samples from the same, damaged surge arrester, there was a
significant variation in the intensity of the degradation effects of the textolite material.
Moreover, these effects occurred in places where discharges occurred in various sectors
of the examined elements.

The textolite support had a bright colour and was carefully examined. Figure 2
presents the microscopic image (MO) of the material. The photo shows the fibre bundles
of the textile support (roving), but they were covered with a layer of transparent epoxy
resin and were located under the surface of the textolite material. The surface of the
laminate was quite smooth and free of cracks, which was confirmed using an SEM
investigation.

Figure 2. MO image of the surface of the reference sample textolite material (40 times magnification).
The lighter weave of the support fabric is visible as fibreglass under a transparent resin layer.

Figure 3 shows the results of the EDS test on the reference surface of the textolite
material, with the determined elemental composition. Only epoxy resin, i.e., the binder of
the laminate, was present in the top layer of the material. EDS measurements, which were
carried out in four different areas, showed only a slight spread of the results. The laminate
surface contained 66.0 + 71.5% of carbon (C) and 28.5 + 31.0% of oxygen (O) by weight,
omitting the content of hydrogen (H), which could not be analysed using the EDS
technique. The elements present in the textile support, namely, silicon (Si) and metals,
were not registered because were covered with a top layer of the organic resin.
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Figure 3. Typical EDS spectrum recorded for the surface of the reference sample textolite material.
Only carbon and oxygen were present, which were derived from an organic epoxy resin. They
represented 71.5% and 28.5% by weight, respectively.

3.2. Light Degradation

Figure 4 shows the textolite material of the element from the operated HV surge
arrester, in which there were weak degradation effects, mainly slight carbonisation of the
epoxy resin. The device was removed from service in a 110 kV system after almost 10
years of operation due to increased leakage currents. Some depressurisation of the surge
arrester structure and the presence of moisture were found inside. However, there were
no strong discharges inside the device. The MO photo demonstrated a change in the
colour of the textolite material of the element, which had clearly darkened. Moreover,
small fragments of the textile support appeared on the surface, which resulted from the
local melting of the epoxy resin on the top layer of the material. There also appeared lesser
single cracks in the resin that were several dozen micrometres long.

EDS measurements (at four different points) of the surface of the samples, showing
a relatively slight degree of degradation, revealed some variation in the elemental
composition of the surface. The carbon content practically did not change in relation to
the reference sample and amounted to 67.0 + 69.4%. The amount of oxygen slightly
decreased to the level of 27.1 + 28.3%. On the other hand, there were registered elements
from the glass fibres of the textile support, which appeared on the surface of the material:
calcium (Ca) at the level of 1.5 + 2.4%, silicon (Si) at over 1.0% and aluminium (Al) in the
order of tenths of a per cent (Figure 5 and Table 1).

Figure 4. MO image of the textolite material’s surface with initial degradation effects (40 times
magnification). There was a visible change in the colour of the material, indicating the process of
carbonisation of the organic resin. Small fragments of the fibreglass textile support began to appear
on the surface (marked in circles).
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Figure 5. Typical EDS spectrum registered for the textolite material with slightly marked
degradation effects. There was already a low content of fibreglass support elements, namely, silicon
(Si), calcium (Ca) and aluminium (Al), at the levels of 1.1%, 2.4% and 0.4%, respectively.

Table 1. Exemplary results of EDS tests on the surface of the textolite sample with slight degradation
effects. Weight (Wt) and atomic (At) composition of the top layer of the laminate are presented as
percentages.

Element Wt % At %
C 67.05 74.86

O 27.27 22.86

Al 00.88 00.43

Si 01.62 00.78

K 00.78 00.27

Ca 02.40 00.80

3.3. Clear Degradation

Figure 6 shows the MO image of the material structure of a textolite support from a
decommissioned surge arrester with clear degradation effects. Due to the high increase in
the value of leakage currents, the three surge arresters, which were operating in various
phases of a 110 kV system at the transformer substation, were dismantled after about 10
years of operation. The cause of the malfunction was a loss of tightness of the devices. All
three elements were disassembled to obtain test samples. As a result of the flow of
discharge currents inside the surge arresters, the local temperature increased significantly.
Consequently, in some areas of the tested elements, the organic epoxy resin was
significantly carbonised. This was evidenced by the change in the colour of the material
to an intense brown. There were several bundles of fibres from the textile support, which
appeared on the surface of the material as a result of melting the top layer of the epoxy
resin. Moreover, on the surface of the material, there was a network of small cracks in the
epoxy resin, which are clearly visible in Figure 7.
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Figure 6. MO image of the surface of the textolite material with clearly marked degradation effects
(40 times magnification). Shiny bundles of fibres of the textile support are visible. They appeared
on the surface of the material after the top layer of the resin had melted.

b

Figure 7. SEM image of the textolite material surface with clearly marked degradation effects at a
high magnification of 300 times. A network of small cracks in the resin surface is visible.

EDS analysis of the textolite material with clearly visible degradation effects (Figure
8) documented the increase in the share of the textile support in the elementary
composition of the material surface. The carbon content decreased by a few per cent to the
level of 64.0 + 65.7%. The amount of oxygen also slightly decreased to 26.3 + 27.1%. At the
same time, the amount of silicon increased to approximately 2.5%, calcium to between 2.0
and 3.0%, and aluminium to above 1.0%. Other components of the glass also appeared in
a small amount, namely, the alkali metals sodium (Na) and potassium (K).

0.3
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Figure 8. The EDS spectrum recorded for the textolite material with evidently marked degradation
effects. The contents of the elements present in fibreglass textile support (silicon, calcium,
aluminium, potassium and sodium) are clearly visible.

3.4. Advanced Degradation

Figure 9 and Figure 10 show the material of the textolite support from an HV surge
arrester, which was removed from service as a result of damage. The failure of the device,
which was operating at a 220 kV transformer substation, was a consequence of the device
unsealing at the bottom fixing device and the penetration of moisture after over a dozen
years of operation. The discharge current flows caused a significant increase in the local
temperature inside the device. Taking into account the thermal resistance of the material,
it can be estimated that it exceeded 200 °C locally. As a consequence, this led some areas
of the textolite element to show degradation effects that could be described as advanced.
Nevertheless, depending on the intensity and duration of the discharge currents, and thus
the temperature generated, there were significant differences in the images of
microstructures and the degree of degradation of the sample material. There were areas
where the carbonisation process of the epoxy resin reached a high level. This was
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evidenced by the change in the laminate colour to intense brown. The top layer was
melted to such an extent that the characteristic bright bundles of fibres from the textile
support were quite numerous on the surface of the material. They were clearly visible in
both the MO images (Figure 9) and the SEM pictures (Figure 10). The surface of the
strongly melted and significantly charred resin in the top layer of the tested sample was
cracked.

Figure 9. MO image of the surface of the textolite material with advanced degradation effects (40
times magnification). Significant carbonisation of the organic binder of the sample material
occurred. Numerous bright fibre bundles of the textile support are visible. After the top layer of the
resin had melted, the fibre bundles were found on the laminate surface.

Figure 10. SEM image of the textolite material surface with visible degradation effects (75 times
magnification). In addition to the light bundles of fibres of the textile support, there was clear
cracking of the top layer of resin.

The results of the EDS tests in the areas with advanced degradation effects clearly
showed a further, significant increase in the share of the textile support in the elemental
composition of the material surface (Figure 11). Carbon content was between 60.7% and
62.7% and the oxygen contribution, in the range of 22.8% + 25.0%, decreased by a few
percentage points. This demonstrated a significant loss of organic epoxy resin in the top
layer of the textolite material. At the same time, the amounts of the elements present in
the glass fibres of the support increased: silicon to 3.9% + 5.4%, calcium to 3.3% +4.2% and
aluminium to a level between 1.0% and 2.0%.
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Figure 11. A typical EDS spectrum registered for the textolite material with advanced degradation
effects. On the surface, there is a significant share of the elements present in the fibreglass support,
namely, silicon and metals.

3.5. Strong Degradation

As a result of the passage of discharge currents, a large temperature increase in the
surge arresters can occur locally. Taking into account the degree of damage to one of the
textolite elements that were obtained for testing, it could be as high as about 300 °C. This
was evidenced by the tests that were applied to a bushing support removed from a
damaged HV surge arrester. The failure of the device that was used only a few years at a
110 kV electrical substation was probably due to a manufacturing defect or assembly error
and damage to the seal at the fixing device of the arrester. As a consequence, moisture
ingress and a failure occurred after an unexpectedly short period of operation. Strongly
advanced degradation effects were observed inside concerning various elements of the
device, including varistors.

High carbonisation and significant melting of the epoxy resin occurred on the
laminate surface, the colour of which changed to dark brown and, in places, black. At the
same time, it was significantly cracked. Bundles of fibres from the textile support were
clearly visible on the surface of the material (Figure 12). In particular, intense degradation
was observed in the edge part of the textolite sample, next to the edge. There, the heavily
charred resin was locally burned out almost completely and the textile support was
exposed (Figure 13).

Figure 12. SEM image of the surface of the textolite material with strong degradation effects (30
times magnification). There is a large amount of charring and melting of the resin visible in the top
layer of the material and numerous bundles of bright fibres of the textile support on the surface.
There were also single large cracks in the resin.
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Figure 13. MO image of the surface of the textolite material with intensified degradation effects (40
times magnification). The edge part of the textolite element is visible, in which a strong charring and
burning out of a fragment of the top layer of the resin took place. On the left side, at the edge, the
exposed textile support is visible.

There were so many fibre bundles of the textile support on the surface of the material
sample that the elements from glass constituted a significant component in the elementary
composition of the top layer of the laminate. The EDS analysis of fragments of the textolite
material in the areas with intensified degradation effects clearly showed a further, clear
increase in the share of fibreglass support in the elemental composition of the laminate
surface (Table 2 and Figure 14). Both the carbon content between 56.7% and 60.5% and the
oxygen content in the range of 21.9% + 23.6% were further slightly decreased. At the same
time, the amount of silicon significantly increased to 6.7% + 8.4%, calcium increased to
4.6% + 8.0% and aluminium increased to a level between 2.0% and 3.0%. On the EDS
spectrum (Figure 14), they were very visible. Thus, the weight fraction of elements derived
from the glass was already a dozen or so per cent, not counting the oxygen part.

Table 2. Exemplary results of EDS tests on a textolite material with enhanced degradation effects.
The weight (Wt) and atomic (At) composition of the laminate top layer in per cent are shown.

Element Wt % At %
C 58.27 70.49

O 21.91 19.89
Na 01.75 01.11
Mg 00.83 00.49
Al 02.69 01.45

Si 08.35 04.32

K 00.73 00.27

Ca 05.47 01.98

119
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Figure 14. Exemplary EDS spectrum recorded for a textolite material with enhanced degradation
effects. The contribution of the elements present in the fibreglass support, especially silicon, calcium
and aluminium, was important. Oxygen was present in both the organic and the amorphous phases.
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3.6. Very Strong Degradation

Flows of high discharge currents cause a large local temperature increase. Repeated
flows of such currents in surge arresters lead to very strong degradation effects inside
them. This applies in particular to elements made of laminate. During the examination of
the damaged HV surge arresters that had been taken out of service, textolite elements
were found, the degradation of which was very strong in some areas. A device operating
ata 110 kV electrical substation suffered a serious failure after about 15 years of operation.
The cause was most likely a loss of tightness and moisture ingress. Depending on the
intensity and duration of the discharge currents, large differences were observed in the
microstructure images and the degree of degradation of the textolite. The high
temperature rise occurred only in certain, usually small, areas of the textolite elements
inside the surge arresters. In these places, the epoxy resin, in particular, its top layer, had
been strongly melted, charred and even burned out or chipped off (Figure 15, Figure 16
and Figure 17). The strongest degradation effects were found in the edge part of one of
the textolite supports in the vicinity of the edge (Figure 15). Only the remnants of the
strongly charred resin remained there. The textile support was unveiled and disturbances
in the arrangement of the fibreglass bundles were created.

1 B e

Figure 15. MO image of the marginal part surface of the textolite support, which was heavily
degraded (40 times magnification). In the immediate vicinity of the edge, the resin had been almost
completely burned out; the exposed textile support is visible.

Figure 16. SEM image of the surface of the textolite material with very strong degradation effects
(40 times magnification). The resin on the top layer of the material had been largely melted, charred
and burned out. In the visible textile support, the fibre bundles were damaged and moved.
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Figure 17. SEM image of the textolite surface with very strong degradation effects (150 times
magnification). Strong cracking of the carbonised resin and damage to the glass fibres in the textile
support is visible.

Figure 16 shows the burning and chipping off of large pieces of the epoxy resin from
the sample surface and the exposure of the textile support. Some of the glass fibres were
damaged as well. The fragments of resin remaining on the surface, apart from strong
charring, showed characteristic cracking (Figure 17). More detailed observations with the
use of various magnifications revealed the cracking and displacement of several glass
fibres, and even damage and dislocation of their entire bundles in the textile support.

Strong damage or destruction of the epoxy resin top layer exposed the glass fibres of
the support in many areas. Some of them were cracked and shifted. However, the
visualisation of the support allowed for a more detailed inspection of the glass fibres and
the assessment of their diameters (Figure 18). The measurements performed showed that
the fibres had a diameter ranging from less than 8 um to approximately 14 um. The
authors’ experience and literature data [31] show that in similar materials, the most
common fibres are of a very similar diameter, i.e.,, a dozen or so micrometres (usually
approx. 11 =17 um).

Figure 18. SEM image of the surface of very badly damaged textolite material (magnified 900 times).
Exposed textile support glass fibres are visible, and on their surfaces are the remains after the
destruction of the organic phase.

The examined areas of the textolite elements from damaged surge arresters, which
showed strong degradation, were distinguished by a large variety. This was especially
true of the amount of the carbonised epoxy resin layer remaining on the surface. As a
consequence, the EDS tests carried out at various points of a heavily degraded surface
showed a very large variation in the results. The content of carbon and oxygen decreased
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further in favour of the elements coming from the glass fibres. The total weight share of
the elements of textile support in the elemental composition of the upper layer of the
laminate increased to the level of about 20%, excluding the oxygen part. The carbon
content was at most about 60%, compared with the starting amount of almost 70%. The
initial oxygen content, around 30%, dropped by over one-third. The amount of silicon,
calcium and aluminium continued to increase. The values obtained from the individual
EDS measurements were so different that even broad ranges for individual elements were
not presented. Figure 19 shows an exemplary spectrum recorded for a sample of the
material with a significant amount of charred and cracked epoxy resin on the surface.
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Figure 19. Exemplary EDS spectrum recorded for a textolite material with very strong degradation
effects. The results for the sample with a significant amount of highly charred and cracked epoxy
resin on the surface. There was a large share of elements present in the glass support, i.e., silicon
and metals. Oxygen was present in both components of the laminate.

3.7. A Greenish Deposit

On one of the textolite elements, which was obtained from an unsealed and heavily
damaged HV surge arrester, there were small areas with characteristic greenish sediment.
The device operated at a 110 kV electrical substation and it suffered serious failure as a
result of several successive strong surges. Two other arresters working on the remaining
phases were also damaged. However, they were not obtained for research. Regardless of
the very strong overvoltages, the device became unsealed and experienced moisture
ingress. The sediment of greenish compounds indicates a chemical reaction that took place
at a high temperature in the presence of H2O particles. Breakdown took place after about
10 years of operation. According to the authors’ experience, the presence of copper
compounds in greenish sediment was to be expected [29,33]. The colour clearly indicated
the presence of divalent copper (Cu?* ions), especially as traces of exposure to high
temperature and moisture inside the damaged arrester were found. The flow of large
discharge (short-circuit) currents resulted in the emission of a large amount of heat. A
small copper element, namely, the current connection inside the arrester, had been melted.
As a consequence, metal fragments, most likely primarily in the form of copper (II)
hydroxide/Cu(OH)/ or copper (II) carbonate hydroxide/CuCOs-Cu(OH)2/, were found on
the textolite element.

Regardless of the copper compounds, the surface of the textolite element showed
traces of high-temperature exposure and very severe degradation effects. Most of the
epoxy resin melted and burned out, and the rest of it was completely charred. The
microscopic images of places with greenish sediment were dominated by areas with
exposed textile support. The deposition of copper compounds was not a thicker layer and
was present both on the exposed bundles of the support fabric and on the carbonised
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resin. The fields of the greenish sediment were heterogeneous and had a small surface
area, of the order of individual square millimetres at most (Figure 20).

Figure 20. MO image of the surface of a textolite material with a greenish deposit of copper
compounds and very strong degradation effects (magnified 40 times). Strong charring of resin
residues on the surface of the sample material is visible.

Observations made with the SEM technique revealed cracks and characteristic
cavities on the surface of the corrugated sediment layer. The thickness of the deposited
layer was distinctly differentiated. Textile support was damaged in many places. Some of
the fibres were cracked and moved. Even damage to the entire fibre bundles in the fabric
was visible (Figure 21).

Figure 21. SEM image of the surface of the textolite material with a copper compounds sediment
and very strong degradation effects (magnified 35 times). The resin on the top layer of the material
was almost completely charred and burned out. Damage to the textile support is visible. There were
cracks and characteristic cavities in the sediment layer.

As in the case of heavily degraded surfaces, the EDS tests, which were carried out at
different points in the occurrence of greenish sediment, gave results that differed
significantly from one another. This was not surprising. The significant differences
concerned the amount of the resin that was preserved on the surface, the exposed textile
support fragments and the surface on which the sediment was located. At the same time,
the sediment had different thicknesses and possibly also a non-uniform chemical
composition. Figure 22 shows an exemplary EDS spectrum. It was obtained for an area
where there was practically no epoxy resin, which melted and burned out, revealing the
textile support.
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Figure 22. Exemplary EDS spectrum registered for a fragment of a textolite material with sediment
made of copper compounds and very strong degradation effects. Copper was present from the
sediment layer, along with elements from the glass support.

4. Summary

The textolite material of the internal elements of HV surge arresters was tested. These
elements were removed from various devices that were taken out of service and most
often damaged, where discharge (short-circuit) currents of various intensities and
durations had flown through them. The flows of these currents caused a local increase in
temperature inside the surge arresters to varying degrees. This led to the degradation of
the internal components of the devices. Apart from damage to the varistors, there were
increasing degradation effects of the elements made of the laminate. Due to the much
lower thermal resistance, this was especially true of the organic adhesive—epoxy resin.

All tested devices operated in overhead transformer substations in the central regions
of the country, the same climate and very similar, low-pollution conditions (zone I) [32].
Practically there were no differences in environmental and contamination conditions
between the workplaces of the devices. The main cause of malfunction or breakdown of
the tested devices was unsealing and moisture ingress. It took place after a different
period of operation and was not related to the working conditions.

During the study of the textolite elements, many areas were found where
degradation effects occurred. However, depending on the intensity and duration of the
discharge currents, and thus the temperature generated, there were significant differences
in the microstructure patterns and degrees of the laminate degradation.

Moreover, due to the flow of short-circuit currents in certain parts of the devices, the
degradation effects generally occurred only in certain areas of the textolite elements.
Sometimes these were only small fragments of them. Moreover, it was found that the
degradation effects often intensified near the edges of these elements.

Under the influence of high temperature, the epoxy resin, and especially its top layer,
displayed gradual melting and charring, cracking and finally burning out. As a result, the
fabric of the support of the laminate was exposed to an increased extent. However, with
advanced degradation of the material, cracking and displacement of glass fibres were also
observed. With strong degradation, whole bundles of the support fibres were damaged,
i.e., cracked and even shifted. By convention, five stages of advancement of the effects of
the laminate degradation were distinguished, from light to very strong.

The EDS analysis of the surface of the reference textolite element without any
degradation effects showed a satisfactory agreement of the results. The surface area of the
laminate was about 70% by weight of carbon (C) and about 30% by weight of oxygen (O),
excluding the hydrogen content. In the case of degradation effects, elemental analysis of
the surface layer also revealed the presence of glass-building elements, mainly silicon (Si),
calcium (Ca) and aluminium (Al). As the degradation effects progressed, the content of
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carbon and oxygen on the laminate surface decreased, while the amount of silicon and
metals increased. This is presented in Table 3.

Table 3. Changes in the elemental composition of the top layer of the textolite material in per cent
by weight for the subsequent stages of progressive material degradation. Data were based on EDS
X-ray microanalysis. Carbon and oxygen were part of the epoxy resin (organic binder). Silicon,
calcium and aluminium, as well as some oxygen, were components of the glass fibres of the fabric,
i.e., the support of the laminate. In the case of very strong degradation of the material, there was a
large scatter of the results and it was difficult to provide reliable values.

Weight Reference Light Clear Advanced Strong
Content (%) State (%) Degradation Degradation Degradation Degradation
Carbon 66.0-71.5 67.0-69.4 64.0-65.7 60.7-62.7 56.7-60.5
Oxygen 28.5-31.0 27.1-28.3 26.3-27.1 22.8-25.0 21.9-23.6
Silicon - >1.0 ca.2.5 3.9-5.4 6.7-8.4

Calcium - 1.5-2.4 2.0-3.0 3.34.2 4.6-8.0
Aluminium - <1.0 >1.0 1.4-1.8 2.3-2.8

On one of the textolite elements, which was obtained from a heavily damaged HV
surge arrester, there were small areas containing a greenish sediment of copper
compounds. Regardless of the deposit, the surface of the textolite element showed signs
of exposure to high temperature and very severe degradation effects. The flow of high
discharge currents in the unsealed device effected the release of large amounts of heat. As
a result of this, a small copper element inside the limiter (current lead) underwent melting
and a chemical reaction. In the presence of moisture, most likely copper (II)
hydroxide/Cu(OH)2/ or copper (II) carbonate hydroxide/CuCOs-Cu(OH)2/ was formed,
the sediment of which was found on the textolite element.

5. Conclusions

The thermal effects of partial discharges inside the surge arresters had a very strong
influence on the condition of the textolite elements. Their degradation of varying intensity
is often encountered when surge arresters are damaged. From the point of view of the
proper functioning of the surge arrester, the carbonisation effect of an epoxy resin-
laminate binder with dielectric properties should be considered particularly undesirable.
Shielding, distance or centring elements of surge arresters must ensure appropriate
electrical insulating properties. If the surge arrester becomes unsealed, the presence of
moisture inside causes creeping discharges on its internal components. As a result, parts
of the textolite surface are charred and burned. The charred resin forms conductive tracks,
often at the surface of a stack of varistors, which bypass the varistors. The properties of
the stack of varistors deteriorates significantly; the value of the current flowing through
the varistors increases and the even harmonics content is increased. The operating
parameters of the device, such as constant voltage and rated voltage, decrease [1,11,23].
This, therefore, leads to incorrect operation of the surge arrester.

e The increase in the severity of degradation processes and the enlargement of
conductive paths in textolite elements may damage the device. Many years of
operating experience and the authors’ practice demonstrate that this is caused by the
properties of the textolite itself. Then, important elements of the power mains remain
without proper protection against overvoltages.

e  Everything points to the fact that the quite commonly used textolite materials show
insufficient resistance to the effects of emergency operation of the surge arrester
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when it is wet, which is a consequence of unsealing of the cover (usually fixing
device). The properties of textolite materials therefore reduce the durability and
reliability of devices. Unfortunately, this fact is not taken into account by the
manufacturers of surge arresters. In the opinion of the authors, countermeasures
should be found to limit the degradation processes of textolite elements caused by
the flow of discharge currents (creep discharges). The authors propose the use of
additional protection of surge arresters in the form of covering its interior with a
hydrophobic material of RTV type (room temperature vulcanised). This material is a
silicone elastomer that is characterised by a low surface energy, which, in the
presence of moisture, prevents the formation of a continuous wettable path on its
surface and thus limits the development of the leakage current that is dangerous for
the limiter. This coating is commonly used as additional protection for high voltage
insulators. Its important component is alumina trihydrate (ATH), whose task is to
lower the temperature caused by the occurrence of local surface discharges. In the
opinion of the authors, such a solution would effectively limit the problems related
to the degradation of textolite structures caused by the flow of large discharge
currents, as well as small leakage currents.
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