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ABSTRACT

Brittle Fracture Mechanisms of Glass-Fiber Reinforced
Polymer Insulators

Qiong Qiu
Oregon Graduate Institute of Science & Technology, 1995

Supervising Professor: Maciej S. Kumosa

The development of glass-fiber reinforced polymer {GRP) insulators represents a
revolution in the electrical power industry. Although their design and manufacture
remain relatively new technologies compared to conventional ceramic insulators, GRP
insulators have shown a great potential to dominate the future insulator market. With
increasing use of GRP insulators in service, particularly in high-voltage transmission
applications, however, an unusual insulator failure designated as brittle fracture has been
identified; the failure takes place catastrophically under 10-20% of the insulator load
capacity in dry fracture, with the morphology of planar fracture perpendicular to the
composite rod axis. Today, brittle fracture has become a major obstacle in their future

applications of GRP insulators to high-voltage transmission.

To understand brittle fracture mechanisms, a systemic study was undertaken in five major
phases: insulator failure analysis, stress corrosion experiments, electrical discharge

experiments, acid corrosion behavior of E-glass fiber, and crack tip chemistry.

o Fractographic characterization of service-failed or -damaged insulators
discovered both macroscopic and microscopic evidence of stress corrosion
fracture, which was most likely initiated at structural damage inside the high-
voltage end. However, unlike common stress corrosion fracture, irregular
fiber and resin deformation characterized by melted fibers and resin
decomposition, for first time, was identified on the insulator fracture surface,
suggesting that service electrical activities were involved in the fracture process.

XV




This study leads to a comprehensive understanding of the synergistic influence of
mechanical, environmental, and electric stresses on the brittle fracture of GRP insulators.
Major contributions resulting from this work include the development of brittle fracture

mechanisms, an ion-depletion-depth theory for fiber surface cracking in acid corrosion,

The stress corrosion experiments revealed the effects of acid type and
concentration, mechanical load, and material on the fundamental stress
corrosion behavior of GRP composites. The results indicated that stress
corrosion behavior of E-glass fiber/polymer composites was highly affected
by the resin matrix; among polyester, epoxy, and vinyl ester composites tested
in nitric acid, vinyl ester composite exhibited the highest stress corrosion
resistance. Furthermore, water by itself could not initiate brittle fracture.

Electrical discharge experiments verified that stress corrosion fracture could
be generated in GRP composites subjected to the combined influence of
mechanical load and electrical discharge in the presence of water, with the
fracture morphology closely resembling the insulator fracture surface,
particularly in the fracture initiation site.

Acid corrosion of E-glass fiber was found primarily attributed to calcium and
aluminum depletion. The formation of insoluble salts or complex ions
between the anions in oxalic and sulfuric acids and some of the metal ions
depleted from the glass accelerated fiber corrosion considerably. Axial and
spiral crack morphologies were observed in fiber acid corrosion. The axial
crack formation was most likely associated with a larger ion-depletion depth
than the spiral crack formation.

Crack tip chemistry was complex in nature, which could significantly differ
from global environments to which GRP composites were exposed. The
crack tip environment was determined by the chemistry of each composite
component, the nature of global environments, and more importantly, the
interaction between global environments and selective constituents in
composites.

and a concept of crack-tip chemistry determination.
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INTRODUCTION

An electrical power insulator with the dual functions of providing mechanical support and
electrical insulation between conductors is a critical component in an electrical
transmission system. In recent years, a revolution in insulator technology has taken place
as conventional ceramic insulators have been gradually replaced by GRP insulators,
which are also referred to in the literature under other terminologies, such as non-
ceramic, fiber reinforced plastic (FRP), organic, or polymeric insulators. The generic
structure of a GRP insulator consists of a composite rod, polymer housing, and end
fittings, of which the composite rod serves as the major load-bearing component. GRP
insulators exhibit significant advantages over ceramic insulators, the most appealing being
their exceptionally high strength-to-weight ratio, improved damage tolerance, structural
flexibility, and great impact resistance. The first application of GRP insulators on
outdoor power transmission lines dates back to the early 1980s. Since then, their
successful performance has made them widely accepted in the electrical power industry.
Although their design and manufacture remain relatively new technologies, GRP

insulators have shown great potential to dominate the future insulator market.

With increasing use of GRP insulators in service, particularly in high-voltage
applications, however, some concerns have arisen regarding their long-term reliability;
an unusual insulator failure designated as brittle fracture has been identified. This
insulator failure takes place catastrophically under 10-20% of the insulator load-bearing
capacity in dry fracture. The fracture morphology can be characterized by a planar
fracture surface running perpendicular to the composite rod axis. Field experience
reveals that the brittle fracture of insulators is always initiated either near or inside the
high-voltage end, and service voltages associated with the failure are usually 145 kV or
higher.




Since the brittle fracture phenomenon was initially recognized, little research has been
conducted to understand its failure mechanisms. Simply inspired by their fractographic
similarities, most researchers have agreed that the brittle fracture of insulators is most
likely attributed to stress corrosion fracture of the composite rod in acidic environments,
which may arise from acid rain caused by air pollution and/or from organic acids
produced by internal partial discharge in voids embedded inside the composite rod.
Stress corrosion of composites is virtually a corrosion-activated fiber fracture process.
When a composite is exposed to an acid, the glass fiber in the composite will be
corroded as a result of non-siliceous ion leaching due to the ion-exchange reaction, i.e.,
the non-siliceous ions in the fiber are replaced by hydrogen ions in the acid. For E-glass
fiber, the most commonly used reinforcement material i_n the insulator composite rod, the
major leachable non-siliceous constituents have shown to be calcium and aluminum ions.
Because of acid leaching, the fibers lose their strength and thereby the composite will fail
at a much lower mechanical stress than that in dry fracture, leading to stress corrosion
fracture. The brittle fracture of insulators is an extremely complex stress corrosion
process, primarily due to (1) the synergistic influence of mechanical, environmental, and
electrical activities in service and (2) the high degree of heterogeneity and anisotropy of
composite structures. To date, most studies have focused on stress corrosion fracture of
composites caused by the interaction of mechanical and environmental stresses; however,
little attention has been devoted to electric effects. Failure mechanisms that control the

brittle fracture of GRP insulators are still unclear.

The occurrence of brittle fracture has become a great concern in the electrical power
industry today. Facing a dramatically increased demand for electrical power supply
every year, the utilities in the United States have decided to expand the capability of
existing power transmission systems by substantially elevating transmission voltages.
Based on field experience, however, a higher service voltage means a greater likelihood
of developing brittle fracture. Therefore, understanding the brittle fracture mechanisms

and finding solutions to the problem become crucial to further utilization of GRP




insulators in high-voltage transmission systems. The study of insulator brittle fracture
not only is of practical significance but also will benefit the advancement of GRP
insulator technology.

The objective of this study was to investigate the synergistic influence of mechanical,
environmental, and electric stresses on the in-service integrity of GRP insulators, thereby
gaining an insight into their brittle fracture mechanisms. The study was undertaken in
five major phases: insulator failure analysis, stress corrosion experiments, electrical

discharge experiments, acid corrosion behavior of E-glass fiber, and crack tip chemistry.

o Insulator failure analysis fully characterized the fracture morphology of
service-failed or -damaged insulators. A special effort was made to
identify electrical damage on the insulator fracture surface.

o Stress corrosion experiments focused on the effects of acid type and
concentration, mechanical load, and resin material on the stress corrosion
behavior of composites. In addition, the water effect was explored.

e Electrical discharge experiments targeted two issues: the possibility of
both oxalic acid formation in electrically discharged polyester and stress
corrosion fracture of composites under combined mechanical and electric
stresses.

o Acid corrosion behavior of E-glass fiber was evaluated with special
emphases on non-siliceous ion depletion and fiber fracture morphology in
hydrochloric, nitric, sulfuric, and oxalic acids.

o  Crack tip chemistry was evaluated, intended to understand the nature of
localized environments in composite systems under water and thermal

attack.

This dissertation is organized in four chapters. Chapter 1 includes a comprehensive and
critical review on the development of GRP insulators, the brittle fracture phenomenon,

and the current research status in this field. The experimental procedures and results in




each of the five phases conducted in this study are presented in Chapter 2. Chapter 3
provides an in-depth discussion of the experimental results and further proposes failure
mechanisms of insulator brittle fracture, an ion-depletion-depth theory for fiber surface
cracking in acid corrosion, and a concept of crack-tip chemistry determination. In
Chapter 4, the most important conclusions obtained from this study are summarized, and
several recommendations are suggested for improving the in-service integrity of

insulators as well as future research.




CHAPTER 1
CRITICAL REVIEW

1.1 Development of GRP Insulators

The introduction of GRP insulators represents a revolution in the electrical power
industry. Superior to conventional ceramic insulators, GRP insulators offer significant
advantages.’® The most attractive is their exceptionally high strength-to-weight ratio,
resulting in a 90% weight reduction that eases handling, reduces breakage and damage
during construction, and lowers installation and transportation costs. GRP insulators also
exhibit excellent resistance to vandal damage, better handling of thermal shock, structural
flexibility, and improved transmission line aesthetics. A smaller surface area and longer
leakage path further enhance the power frequency insulation strength of GRP insulators

under wet and polluted conditions.
1.1.1 Historical Background

The development of polymeric insulators began in the 1940s when organic insulating
materials were introduced to manufacture high-voltage indoor insulators.! In the 1950s,
polymeric insulators for outdoor use were made feasible by the discovery that alumina
trihydrate filler increases the tracking and erosion resistance of polymer materials. Early
polymers used for insulators were bisphenol and cycloaliphatic epoxy resins; however,
they did not gain the final acceptance for outdoor insulation applications, primarily due
to their poor cold temperature performance and insufficient weight reduction. In the late
1960s, an insulator consisting of a glass fiber/epoxy composite rod with porcelain sheds




was developed. Although this insulator was not widely used, its concept a few years
later led to the first generation of contemporary GRP insulators, in which the composite
rods were protected by polymer sheds. The commercial GRP insulators finally came into
use on high voltage outdoor transmission lines in the 1980s. Since then, GRP insulators
have become popular, successively used in West Germany, the United States, France,
Canada, England, Italy, and several countries in southern Africa.2%!

The use of GRP insulators, due to their high cost, initially was limited to special
applications, such as in areas with a high incidence of vandalism, severe contamination,
or installation difficulty. In recent years, GRP insulator technology has advanced
considerably; improved quality and reduced cost make GRP insulators more competitive
with ceramic insulators. As a result, their usage has rapidly expanded into routine
outdoor insulation applications,'? capturing more than 20% of the transmission line
market in the United States.® Although their design and manufacture are still relatively
new technologies, GRP insulators have shown a great potential to dominate the future

insulator market.
1.1.2 Insulator Construction

A suspension insulator is a device with metal attachments, intended to provide flexible
mechanical support to electric conductors and to insulate them from ground or other
conductors.’3 At present, three commercial classes of GRP insulators are available:
suspension, line post, and station post insulators.® In this study, the suspension GRP
insulators are of primary interest. Relative to different loading conditions, these
insulators can be further classified as I-string and V-string (Figure 1.1). The I-string
insulator is usually subjected to a much higher tensile load than the V-string, but their

configurations are identical.




Figure 1.1  Suspension insulators in service.



A common suspension GRP insulator consists of three major constituents: a GRP
composite rod, insulator housing (polymer sheath and/or weathersheds), and end fittings.
The schematic construction and the cross-section configuration of the insulator are shown
in Figures 1.2 and 1.3, respectively. The composite rod, with high axial mechanical
strength and dielectric strength, makes up the center core of the insulator and bears a
majority of the load in service. To protect the composite rod from environmental
influences, polymer housing is required, either with or without separate weathersheds.
Some insulator designs employ a polymer sheath between the weathersheds and the
composite rod as a part of the housing (Figure 1.2). Projecting from the polymer sheath,
weathersheds are uniformly spaced along the composite rod to provide a longer current
leakage distance, which becomes crucial in the high-voltage electrical insulation. In most
applications, the slant contour is desirable for weathersheds because water can drop off
them easily. Additionally, weathersheds can provide an interrupted path for water
drainage so that the sheath sections shaded by weathersheds can remain relatively dry in
wet weather, improving the electrical performance of the insulator. Designed to transmit
mechanical loads to the composite rod, a fitting is placed on each end of the composite
rod; the ground (or cold or tower) end connects the tower, and the high-voltage (or hot
or line) end links to the electrical transmission line. The structure of a cone end-fitting
is detailed in Figure 1.4. In this design, a potting material is firmly bonded to the
composite rod and interfaces with the sheath. The metal casting, mechanically connected
with the potting material, shields the end fitting from the external environment to reduce
the attendant electric stresses in the surrounding air, thus minimizing the chance of
corona discharge. For the same reason, metal grading rings are usually installed near
the end fittings in high-voltage applications, particularly near the high-voltage end where

electric stresses are highly concentrated.

Since the design methodologies of GRP suspension insulators have not been standardized,

a wide range of constructions can be found in practice. Further information regarding

currently available designs can been found elsewhere.>%
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Figure 1.2 Schematic construction of the insulator.
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1.1.3 Insulator Materials

The mechanical and electrical performance of a GRP insulator are determined not only
by its structural design but also largely relies on the material properties of each
component of the insulator: the composite rod, the polymer housing, or the end fitting.
In fact, every innovation in insulator development has been associated with the advent

of new insulation materials or related technologies.¢

1.1.3.1 GRP Composites

Made from axially aligned, continuous glass fibers with a resin matrix, the composite rod
constitutes the most important component of a GRP insulator. In general, glass fibers
possess very high strength coupled with a low density; however, they are by themselves
virtually useless in engineering applications. One approach to utilize the unique
properties of glass fibers is to embed them in a resin matrix, forming a fiber-reinforced
polymer composite. In this material structure, glass fibers provide almost all of the load-
bearing characteristics, while the resin matrix binds the fibers into a monolithic form,
transfers load to and between the fibers, and protects them from the environmental and
handling damage. In practice, desirable properties of composites can be achieved by

different combinations of glass fibers and resins.

Glass fibers

Inherently an amorphous structure, common glass fibers are silica based, about 50-70%
Si0,, with calcium, aluminum, boron, magnesium, sodium, or other minor oxides added
either to improve the fiber formability or to obtain specific physical and chemical
properties.!>!¢ Although many glass compositions have been formulated, only four types
are used commercially to fabricate continuous glass fibers for manufacturing GRP

composites. These are E-glass (calcium aluminoborosilicate), ECR-glass (calcium
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aluminosilicate), S-glass (magnesium aluminosilicate), and C-glass (soda-lime-
borosilicate), the designations of which stand for electrical grade, corrosion resistant E-
glass, high silica content, and high corrosion resistance, respectively.

Currently, the dominant reinforcement material used in insulator composite rods is E-
glass fiber because of its excellent electrical properties, dimensional stability, superior
mechanical strength, and low cost. E-glass fiber also exhibits good resistance to
moisture and fair resistance to alkalies; however, its acid resistance is relatively poor.’
The nominal composition and the representative properties of E-glass fiber are shown
respectively in Tables 1.1 and 1.2. More recently, ECR-glass, a modified E-glass, has
been developed to enhance the glass chemical resistance, particularly in acidic
environments. The major changes in ECR-glass composition are a lower alkali content,
the absence of boron and fluorine, and additions of zinc and titanium oxides.* ECR-
glass fiber is still under development, but it has shown a great potential to replace E-
glass fiber in composites for insulator applications because of its exceptional corrosion

resistance. !’

Resin_matrices

Although the type of glass fibers determine the potential ultimate strength of a composite,
the stress transfer efficiency of the resin matrix controls the actual level of mechanical
properties that can be realized. Furthermore, most physical and chemical properties of
a composite, such as high-temperature performance, corrosion resistance, dielectric
property, flammability, and thermal conductivity, are governed exclusively by the
characteristics of the resin matrix.!* Therefore, selection of the resin and its formulation
chemistry become critical, especially in the applications where the physical and chemical

properties are concerned.



Table 1.1 Nominal composition of E-glass fiber, wt%!®

14

Silica Alumina Calcium Boron Magnesia Soda Calcium Minor

oxide oxide fluoride oxides
54.0 14.0 20.5 8.0 0.5 1.0 1.0 1.0

Table 1.2 Representative properties of E-glass fiber!®
Coefficient
Specific Tensile Tensile of thermal Dielectric Liquidus
gravity strength modulus expansion constant temperature
MPa GPa 109K °C
2.58 3450 72.5 5.0 1065
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Thermosetting resins have been the most popular matrix materials used in GRP
composites. Due to their large molecule, covalently bonded, and crosslinked network
structure, these resins, in addition to properties common to all polymers, exhibit adequate
strength and rigidity as well as a relatively high thermal stability. Three principal
thermosetting resin systems, widely used to construct continuous GRP composites,
include unsaturated polyesters, epoxies, and vinyl esters.'*¥® They differ in their
chemical compositions. The cure chemistry of the unsaturated polyester and vinyl ester
resins stems from the free radical polymerization of the double bonds present in the
polymer chain, whereas the cure chemistry of epoxy resin is a condensation reaction
between an epoxy group and the crosslinking agent, such as an amine, an organic acid,
or an anhydride acid.?® Because of their different chemistries, these three resins exhibit
different mechanical properties, chemical resistance, and degrees of shrinkage.

Polyester resins possess good electrical properties as well as fair resistance to water,
various chemicals, weathering, and aging. They can withstand temperatures up to 80°C
and combine easily with glass fibers. Given the high unsaturation of polymer chains and
the resultant high crosslink density, however, polyesters shrink between 4% and 8% on
curing, which in turn increases their susceptibility to microcracking. An alternative to
polyesters, vinyl esters are often used when higher corrosion resistance and elevated
temperature capability are required. Compared to polyesters, vinyl esters have a lower
crosslink density and hence greater toughness properties, such as shear and impact
strength, but they usually cost 75% more than polyesters due to slower process speed.
Of the three resin systems, epoxies are superior to polyesters and vinyl esters in
mechanical properties as well as electric and thermal puncture strengths. In general,
epoxies exhibit high cantilever strengths, thermal stability, excellent electrical properties,
low shrinkage (about 3%) on curing, and good resistance to moisture and other
environment influences. However, composites made with epoxy resins are known for

their poor toughness because of the epoxy’s rigid structure, even though epoxies have
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increased continuous-use temperatures up to about 150°C. In addition, epoxies are

approximately six times more costly than polyesters.

Depending on the chemical structures of curing agents, the additions of modifying
reactants, and process conditions, a series of resins in each resin system can be
formulated to tailor the base resin properties to the levels desired for specific
applications. Resins available to the current GRP insulator market include standard
medium reactivity isopthalic-based polyester, modified isopthalic-based polyester, high
strength vinyl ester, high heat resistant modified vinyl ester, and high strength heat
resistant epoxy.?

Fiber/resin_interfa

In a GRP composite, the glass fiber/resin interface is of great importance because the
internal surface area introduced by the interface is extensive and because the interface
characteristics directly affect mechanical behavior and temperature- or diffusion-
controlled properties of the composite.’ The glass fiber/resin interface, more precisely
the glass fiber/resin interfacial zone,? usually consists of a sizing, a surface coating

applied to the fibers to protect them from contact damage during fiber fabrication.

Glass fiber sizing is usually made of water-based emulsion, which contains two major
ingredients: a film-forming polymer and a silane coupling agent.’*” Possessing superior
wetting and spreading properties, a film-forming polymer can produce a continuous and
uniform coating on glass fibers, thus minimizing potential contact damage. Because of
its inherently high polarity, however, a film-forming polymer is hydrophilic in nature.
As a result of sizing, the fiber/resin interface becomes permeable to water, thereby
reducing the interface bonding strength, or even damaging the glass fiber. To improve
the moisture durability of composites, adhesion promoters, in particular silanes, are

added to the sizing.
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Commercial silanes are constituted by multi-functional groups with a general chemical
formula X,Si-R,'* where X is a hydrolyzable group bonded to silicon such as chloro-,
methoxy-, or ethoxy-, and R is an organic group such as -vinyl, -aminopropyl, or
-methacryloxypropyl, which is compatible with the matrix resin. The X groups are
hydrolyzed in aqueous size solutions to give trihydroxy silanols. These silanols are
attached to the glass surface by hydrogen bonds. When the sized fibers are dried, water
is removed, leaving a polysiloxane layer against the glass surface and an outer polymeric
layer rich in R groups. During the curing process the R groups react directly with

functional groups in the matrix resin, forming covalent bonds.

In practice, sizing formulation is highly empirical. Although the contribution of silanes
to moisture resistance has long been recognized, the mechanisms involved are not well
understood. The basic function of silane was early thought to be the formation of a
simple chemical coupling between the glass fiber and the resin. More recently, several
researchers®™? have suggested that silane constructs the initial, open network on the glass
substrate, then the matrix polymer, together with the film-forming polymer, penetrates
into the silane network, forming an entangled polymer network in the interfacial zone
between the glass fiber and the resin matrix. This new concept presents a more realistic
picture of the adsorbed silane interface, but it still does not explain how silane protects

the interface from moisture attack.

1.1.3.2 Insulator Housing

Insulator housing, consisting of a sheath and/or weathersheds, is made of polymer
compounds. Like any other organic materials, housing polymers readily experience
environmental aging, which is especially severe when they are used in an outdoor high-
voltage insulation application. Therefore, the properties of housing polymers, such as
tracking, erosion, and weathering resistance, become limiting factors in both the

mechanical and electrical performance of GRP insulators.'>*3° For outdoor high-voltage
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insulation applications, insulator housing materials are generally required to have (1)
good resistance to electrical tracking and discharge, (2) high dielectric strength to
minimize erosion damage, (3) fair mechanical strengths, (4) good resistance to
weathering, particularly ultra-violet radiation and oxidation, and (5) superior surface
hydrophobicity, the ability to repel water, as well as fast hydrophobicity recovery after
its temporary loss.

Four major polymer systems are currently used for insulator housing: epoxy,
ethylene/propylene rubber (EPR), silicone rubber, and ethylene propylene diene
monomer (EPDM)/silicone alloy."%!%!2?° In the epoxy system, cycloaliphatic epoxy
polymers are most commonly used, but their inherently low tensile strength prevents
them from use in suspension insulators. Recent efforts have been made to improve the
mechanical and electrical properties of epoxies by adding suitable filler materials. EPR
designates both ethylene propylene monomer (EPM) and EPDM. Compounded with
different fillers and additives, a variety of EPMs and EPDMs have been formulated, each
offering a specific combination of characteristics. EPRs are generally among the best
weathering resistant synthetic rubbers. By selecting the particular compounding
chemistry, EPDMs can provide improved mechanical properties, superior aging and color
stability, together with outstanding resistance to the effects of sunlight, oxygen, and
ozone. However, there are disadvantages to EPDMs, particularly their high susceptibility
to surface electrical discharges. Silicone rubbers, with both organic and inorganic
ingredients, exhibit a combined organic/inorganic behavior. Relative to their vulcanizing
temperature, they can be further identified as room-temperature-vulcanized silicone
rubbers, RTVs, or high-temperature-vulcanized silicone rubbers, HTVs. The most
beneficial properties of silicone rubbers are an exceptionally high surface hydrophobicity
and the fast recovery of surface hydrophobicity after its temporary loss, which make
them attractive for outdoor insulation applications, particularly in heavily contaminated
areas. Silicone rubbers also maintain dielectric strength at elevated temperatures, but

compared to EPRs, they possess lower mechanical strengths and higher susceptibility to
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mishandling damage and vandalism. The newest development in insulator housing
materials is represented by EPDMsilicone alloys, which inherit EPDM’s superior
mechanical properties and silicone rubber’s high hydrophobicity.

Polymer characteristics depend not only on base polymers but also on filler and additive
materials. In a polymer compound, a variety of fillers and additives, with up to 65% of
the total polymer formulation by weight, can be incorporated into the polymer to enhance
its physical and mechanical properties or to impart certain processing characteristics.?
Generally, fillers can be classified into two groups: reinforcing and extending. The
reinforcing filler improves hardness and mechanical properties, particularly the abrasion
and erosion resistance of a polymer. The two most commonly used reinforcing fillers
are carbon black and fine particle mineral pigment, such as silica. An extending filler,
a non-reinforcing material, often is added to a polymer to optimize polymer physical
characteristics or to reduce cost. Alumina trihydrate is an extending filler, used for its
ability to suppress both electrical track development and flame generation. In addition
to fillers, numerous additives can be compounded with polymers for special
applications.!*?” Important categories of additives include curing agents for optimizing
mechanical properties and processibility; coagents for inhibiting base polymer/curing
agent bond degradation; ultra-violet stabilizers for improving weatherability; pigments
for coloring; antidegradants for enhancing resistance to oxygen, ozone, and heat;
coupling agents for strengthening the filler/base polymer chemical bond; processing acids
for easing mold releases; plasticizers for lowering viscosity or increasing flexibility at
low temperature; and other functional additives. A variety of options also are available

in each of the preceding categories.
1.1.3.3 End Fittings

Materials used for end fitting construction vary with the end-fitting designs. Metal

castings, essential to every end-fitting design, can be made of cast iron, steel, or
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aluminum. To enhance their corrosion resistance in service environments, all of the
ferrous materials, except for stainless steels, normally are hot-dip galvanized in
accordance with ASTM A153.%! Adequate ductility is also required for the metal casting
to prevent it from brittle failure. For some end-fitting designs, potting materials, usually
epoxies, are utilized to achieve mechanical connection between metal castings and

composite rods.

1.1.4 Insulator Manufacture

The manufacture of GRP insulators is a complex process. For the purposes of this study,
only the two principal aspects of the process, composite rod fabrication and insulator

assembly, are described here.

1.1.4.1 Composite Rod Fabrication

GRP composite rods are manufactured by the pultrusion process, an automated process
for forming composite materials into continuous, constant cross-sectional profiles.”® In
this process, reinforcing glass fibers are preimpregnated with a liquid thermosetting resin
and pulled through a heated mold or die to cure the resin. Fiber placement, resin
formulation, catalyst level, die temperature, and pulling speed are critical processing
parameters. The pultruded composite rod used for insulators usually contains 70-80%

glass fibers by volume, exhibiting the maximum mechanical strength along the rod.

1.1.4.2 Insulator Assembly

Insulator assembly, particularly the end-fitting assembly, is critical to the overall
performance of insulators. Since the insulator design differs from one manufacturer to
another, even for the same insulation application, a variety of assembly technologies have

been developed.
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For the suspension insulator with separate polymer sheath and weathersheds, a sheath is
extruded on the composite rod first. To ensure firm bonding between the rod and
sheath, the rod/sheath interface is usually vulcanized. Some manufacturers may use
adhesives and greases as the rod/sheath interface bonding agents for the same purpose.
In most cases, the sheath extends inside the end fitting. After the sheath is formed on
the rod, each individually molded weathershed is slipped onto the sheath, and then the
sheath/weathershed joint may be completely or partially vulcanized into place.

The load carrying capacity of insulators is usually limited by the strength of their end
connections.” The metal castings can be attached to the rod by different techniques,*’-*
depending on the end-fitting design. The earliest glue design, the gluing of the metal
casting to the rod, has been discredited because of pull-off problems. Cone, wedge, and
compression end fittings are the most widely used designs today. In the cone design, the
inner surface of the metal casting is shaped in a single or multiple-stepped cone contour.
After the metal casting is capped on the rod end, the epoxy potting material is poured
into the tapered cavity inside the end fitting through a port on the casting and then cured,
bonding firmly both to the rod surface and the polymer sheath. Since the inner surface
of the metal casting is precoated with a release agent, the bonding between the potting
material and the metal casting is prevented. Finally, the port on the casting is sealed to
avoid moisture penetration. In this design, both the rod and the potting material slip as
a unit against the metal casting when a tensile load is applied to the rod. Given the
conical inner contour of the metal casting, the rod end bonded with the potting material
is secured inside the end fitting, thus achieving the load transfer. In the wedge design,
a metal wedge is longitudinally inserted into the rod end, and under load, the slippage
of the metal casting forces the metal wedge to lock into place, transferring the load to
the rod. A more advanced design is compression end fitting, in which a metal shell is
crimped directly onto the rod end during assembly. This design provides insulators with

a higher torsion strength and better moisture resistance.
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1.2 Brittle Fracture of GRP Insulators

During the past fifteen years, successful applications of GRP insulators have made them
widely accepted in the power transmission industry. With the increasing use of GRP
insulators in high voltage applications, however, an unusual insulator failure, later
designated "brittle fracture”, has been identified. Service voltages associated with these
failures range from 145 to 420 kV.173+4

1.2.1 Field Experience

Brittle fracture of GRP insulators was first reported in 1980.3 Since then, this failure
has been found successively by power utilities from several countries. Field experience
in South Africa showed that brittle fracture was particularly significant in insulators used
in 275 to 400 kV transmission networks.***’ In a population of 6,000 insulators installed
on 275 kV lines, 13 had failed within four years. In Germany, seven insulators broke
in a brittle fashion between 1967 and 1982.%® Brittle fractures of GRP insulators have
also been reported in France, Italy, the United Kingdom, and North America.*

Since the first incident, brittle fracture of insulators has become increasingly severe with
each year. Unfortunately, few statistics have been made available to the public because
of commercial pressure. In 1989, one American utility company began to construct a
345 kV transmission line using GRP insulators. During the first four-year service, 14
complete brittle fractures out of 1,756 insulators were reported, and an additional 200
insulators were suspect. All of the insulator brittle fractures appeared catastrophic in
nature and resulted in the complete outage of transmission systems. Today, brittle
fracture of GRP insulators has caused such great concern regarding their long-term

reliability that their further utilization in high-voltage insulation is challenged.
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1.2.2 Brittle Fracture Phenomenon

When a composite rod is subjected to pure mechanical stresses in the dry-air condition,
its fracture surface exhibits a broom-like appearance. In brittle fracture, however, the
fracture surface appears essentially planar and runs perpendicular to the rod axis.
Common brittle fracture morphologies of insulator rods are illustrated in Figure 1.5.4
The typical fracture surface is characterized by a smooth region and a rough region
(Figure 1.5a). Although the proportion of the rough region varies with cases, all of its
characteristics are identical to those found in the pure mechanically fractured rods. Quite
often, several transverse cracks initiate simultaneously at different locations along the
rod, thus creating separate fracture planes linked by longitudinal delaminations in the rod
(Figure 1.5b). Under certain circumstances, a planar fracture surface can be interrupted
by a series of longitudinal delaminations (Figure 1.5c). A stepped fractography is also

possible as a result of mixing the "b" and "c" fracture morphologies (Figure 1.5d).

In addition to the planar fracture morphology, other important evidence relevant to brittle
fractures has also been found.®"-*4345 Generally, brittle fractures of GRP insulators

e took place at 10 to 20% of the insulator load-bearing capacity in the dry-air
" condition, '

o likely occurred either near or inside the high-voltage end,

e  were often associated with high voltage applications,

e initiated from the external surface of composite rods, and

e seemed only related to specific manufacturing designs.

However, the occurrence of brittle fracture in service appears unpredictable. Based on
field experience, brittle fractures of GRP insulators could occur within one month or 15
years later after installation. This behavior suggests that the insulator brittle fracture is
likely controlled by a progressive deterioration mechanism in which other influences

besides mechanical loads must be involved.
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Figure 1.5 Fracture morphology of insulators.
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Since the brittle fracture phenomenon was first recognized, some research has been
conducted to understand its failure mechanisms.!’?%44% Inspired by the fractographic
similarities between insulator brittle fracture and stress corrosion cracking of GRP
pipelines and tanks,’** most of investigators have agreed that the brittle fracture of
insulators are likely attributed to stress corrosion fracture of the composite rod in acidic
environments. The fracture process is probably generated at the composite rod surface
by environmentally induced cracking. Initial crack growth is controlled by the chemical
deterioration of the glass fibers and tends to be slow, forming a smooth fracture region.
As the crack advances further, the remaining load-bearing area on the rod cross-section
becomes smaller, and the fiber/resin interface fracture becomes pronounced due to an
increase in stress intensity at the crack front. Eventually, the insulator rod fails in a
purely mechanical fashion, leaving a broom-like fracture region with extensive fiber pull-

out and longitudinal splitting.
1.3 Stress Corrosion of GRP Composites

In recent years, intensive investigations have been undertaken on the stress corrosion
behavior of GRP composites.”®” An important conclusion that has emerged indicates
that GRP composites are susceptible to stress corrosion cracking, especially in acidic
environments. Generally, the stress corrosion phenomenon of composites has three
features in common: (1) the fracture surface appears planar in nature, (2) the process is
driven at much lower stresses than those required for dry fracture, and (3) the fracture
of composites is controlled by a progressive fiber deterioration mechanism, resulting in

a relatively slow crack growth.
1.3.1 Fracture Morphology

The most distinctive feature of stress corrosion in unidirectional GRP composites is the

planar fracture morphology. Assisted by corrosive environments, a stress corrosion
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process can take place at a low mechanical load so that the fiber/resin interface fracture,
such as interfacial debonding and fiber pull-out, is limited. As a result, the stress
corrosion fracture is restricted at the point of environmental attack, and the fiber fracture

is usually co-planar with the resin fracture, leading to a clear-cut fracture surface.

Microscopically, a fiber fracture surface can be characterized by the classic mirror, mist,
and hackle regions (Figure 1.6a), which have been well documented in glass fracture.”7
The mirror refers to the smooth region on the fractured fiber surface. The region with
radiating ridges and valleys is defined as the hackle region. Located between the mirror
and the hackle, the mist appears slightly rough with micro-cracks. Fracture of individual
fibers always initiates at the focus of the mirror zone and radiates to the mist region. As
the crack becomes unstable, it bifurcates from the mist region, resulting in a hackle
fracture appearance and sometimes forming a wedge between the two crack planes
(Figure 1.6b).

Promoted by the fiber fracture, the matrix fracture features river lines and a polygonal
network (Figure 1.7), although irregular fiber distribution can lead to complex matrix
fracture morphology. Price,* who attempted to explain the matrix marking formations
by assuming an idealized square fiber array, suggests that the river lines are derived
directly from the ridges in the fiber hackle region to maintain the continuity of the crack
front, and that the polygonal network is formed where the matrix cracks from adjacent

fibers meet.

Fractography of individual fibers and local matrix not only reveals their fracture
characteristics but also provides the information of the overall crack initiation and
propagation. As a rule of thumb, the crack initiation site is always located in the region
of fibers with relatively large mirror sizes, and the crack propagation direction can also
be deduced from fiber and matrix surface markings.®® In some cases, wide variations

exist in the direction of local crack growth; some of these variations coincide with
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Figure 1.6 Single fiber fracture.
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macroscopic features, such as steps, on the fracture surface, while others may be

associated with either local irregularity in fiber packing or resin-rich regions.%

1.3.2 Physical Fracture Theories

The planar nature of fracture surfaces implies that stress corrosion fracture is primarily
attributed to fiber fracture and matrix fracture. Generally, matrix fracture is physical in
nature; while fiber fracture is controlled by chemical deterioration.

1.3.2.1 Fracture Models

Stress corrosion in composites consists of two stages: crack nucleation and crack
propagation. Early studies suggests that a stress corrosion crack is likely to be initiated
at the weakest point, usually at a flaw on the fiber surface.” However, this concept has
been challenged by the existence of the planar fracture phenomenon, which requires that
the surface flaw in each fiber ahead of a crack be aligned with the growing crack.
Lhymn and Schultz,” who examined stress corrosion cracking in short-fiber reinforced
composites, propose that acidic attack may produce etch- pits, which act as stress raisers
to promote fiber fracture. However, no evidence of such etch pits has ever been found
on the fractured fiber surfaces.” At present, the demineralization on the fiber surface
at the crack front has emerged as the crack initiation mechanism. Because the crack
nucleation stage is insignificant compared to the crack propagation stage in composite

systems, most research has been devoted to crack propagation behavior, 52.63.66-63,80

Stress corrosion of a composite virtually is a fiber fracture phenomenon.” Because glass
fibers are shielded by a resin matrix, the accessibility of corrosive environments to the
fiber becomes a controlling factor in the crack propagation mechanisms. Price and Hull%*
suggest two means by which corrosive media can reach the fibers: (1) direct access

through micro-cracks or voids in the matrix and (2) indirect access by diffusion through



30

unfractured resin. The nature and extent of resin matrix cracking will determine which

of these processes predominates.

An initial qualitative representation for crack propagation, presented by Hogg and Hull®*
on the basis of the idealized unidirectional composites loaded in uniaxial tension along
the fiber direction, depicts a micro-mechanical stress corrosion mechanism (Figure 1.8).
This model proposes that initial fiber fracture, assisted by chemical attack, occurs at such
a low mechanical load that the crack-front stress intensity is insufficient to promote
fiber/resin debonding. Immediately following the first fiber fracture, the surrounding
matrix may crack, creating a channel through which corrosive media can gain access to
the contiguous fiber. Consequently, crack propagation proceeds along a single
microscopic plane until the stress at the crack front, which increases with the crack
length, becomes high enough to initiate fiber/resin debonding. This model assumes that
the fibers are weakened in an acidic environment by ion-exchange reactions. A further
implicit assumption in this preliminary model is that crack propagation is achieved by

mechanical cracking of the surrounding resin web after fiber fracture at the crack front.

Further understanding of the matrix influence on crack propagation behavior has led to
the development of the diffusion-controlled crack propagation mechanism (Figure 1.9),
an improved model proposed by Hogg and Hull® based on their study of stress corrosion
crack growth in pipes with different resin matrices. This model suggests that the fracture
toughness of resin matrix is a critical parameter in determining crack propagation
behavior. If the matrix is brittle, fiber fracture may simultaneously result in resin
fracture, the stress corrosion crack progressing directly to the next fiber. If the matrix
is tough, however, fiber fracture may not cause complete fracture of the surrounding
resin web, separating the crack front from the next fiber. In this event, further acid
diffusion through the unbroken resin is required to fracture the next fiber, and the crack
propagation will become diffusion limited. Moreover, once the second fiber eventually

fails, the resin web may or may not remain intact. Under certain circumstances,



31

fiber
[ resin

(@) (b)

(c) (d)

Figure 1.8 Schematic representation of crack growth in unidirectional composites in
acids: (a) initial fiber and matrix fracture, (b) fracture of adjacent fibers owing to acid
attack at the crack front followed by matrix fracture, (c) limited interface debonding
caused by the stress at the crack front, and (d) crack growth involving increasing amount

of out-of-plane fracture.
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Figure 1.9 Influence of resin toughness on crack propagation behavior: possible
sequence of events at the crack front for (a) brittle resin, (b) tough resin, (c¢) tough resin
after the second fiber break leading to resin-bridge fracture, and (d) very tough resin

after the second fiber break without resin-bridge fracture.
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subsequent fracture of the second fiber may lead to back-cracking through the resin
behind the crack front, thus coalescing the fiber fracture surfaces. If the matrix is
sufficiently tough, however, fracture of the second fiber may not be able to break the
resin ligaments, leaving plastic flow and cavitation between the fibers. To advance the

crack, therefore, additional energy would be needed to tear apart those ligaments.

This model has been supported subsequently by several studies on the stress corrosion
fracture morphology of various GRP composite systems.®*%® The results obtained from
these studies reveals that the matrix effect on crack propagation may be attributed to the
resin modifying the stress field at the crack front; the stress at fracture on individual
fibers is generally higher for brittle resins than for tough resins. Using the equations
proposed by McClintock to calculate the stresses acting on the fibers at the crack front,
Hogg® further suggests that stress modification because of tough resins is achieved by
limited yielding in a constrained resin layer parallel with fibers at the advancing crack
front. Although tougher resins can effectively reduce the crack growth rate, they usually
exhibit poorer chemical resistance and higher diffusion coefficients than brittle resins.
The optimum resin for a stress corrosion resistant composite, therefore, represents a
compromise between its diffusion coefficient or chemical resistance, and fracture

toughness.
1.3.2.2 Fracture Stresses

The fracture morphology of a fiber, the mirror size in particular, provides a measure of
the tensile stress acting on the fiber at fracture.®® In general, the larger the mirror size,

the lower the fracture stress that the fiber experiences.

The terminology of mirror size originated from fractographic studies of glasses and
ceramics, later becoming an important concept in fracture mechanics of brittle materials.

Through the years, many studies have been conducted to correlate the mirror size with
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the fracture stress, fracture energy, or critical flaw size.”*’® For glasses and ceramics

free from residual stresses, the relationship between the mirror size, r, and fiber fracture

stress, O, can be expressed by the following empirical equation:

o r'? = a (1.1)

where A is a material-dependent mirror constant, and r is measured by the mirror radius,
the distance from the fracture origin to the mirror/mist boundary (Figure 1.4). When
residual stresses are involved, however, the simple relationship defined above becomes
invalid. Kerper and Scuder® studied tempered and semi-tempered glass and found that
the exponent of the mirror radius was not equal to 0.5 but changed with residual stresses.
Kirchner and Gruver® and Shinkai and Hara,* in separate studies, concluded that

Equation 1.1 must be modified when residual stress (0,) is present:

(0 + 0,) v 72 =21, (1.2)

where the residual stress could be either tensile or compressive. This relationship was
later validated by Mecholsky and Drexhage’s study on compressively clad glass rods.*

* who have performed the mirror size/strength

More recently, Jaras and Norman,®
calibration on different types of glass fibers with diameters greater than or equal to
12um, confirmed that the inverse square root relationship is also applicable for glass
fibers. The mirror constant obtained is 1.47 MPa m'? for E-glass fibers. In dry
fracture, fiber mirror sizes are usually too small to be measured; however, in stress
corrosion fracture, they are measurable so that fiber fracture stress can be evaluated
directly from fiber fracture markings. In the same study, Jaras and Norman also applied
mirror size measurements to the direct estimation of fiber failure strength in glass-fiber
reinforced composites, providing a potential technique to study the change in fiber

strength distribution with time and to evaluate the failure strengths of composites.
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Because of the complexity of a unidirectional composite structure, it is extremely difficult
to predict the failure stress of a composite rod. To the first approximation, however, the
macro-stress at failure for the composite rod, o., can be estimated from the rule of
mixtures:

0. = E, €, V, + Ef & Vg, (1.3)

where E is the Young modulus, € is the strain, and V is the volume fraction. The
subscripts m and £ in the equation stand for matrix and fibers respectively. When a GRP
composite rod is subjected to an elastic deformation under uniaxial tension, the following

relation is assumed to be valid:
Gm = Ef =€ = Uf/Ef . (1.4)

Strictly speaking, Equation 1.4 holds true only if the fiber and the resin adhere perfectly
and have the same Poisson ratio. Combining Equation 1.3 and 1.4, the fracture stress

for the composite rod can be estimated by

where the volume fraction of voids in the composite is neglected. It should be noted that
the failure stress obtained by using Equation 1.5 might be either underestimated or
overestimated given that the restrictions for each of the above equations cannot be fully
fulfilled in reality. In addition, Equation 1.3 is not necessarily valid for stress analysis
when stress is highly concentrated. The rule of mixtures has been verified for composite
modulus measurements but has proven to be inaccurate for strength measurements.'
Currently, the finite element technique is the only effective method available for stress

analysis in a high stress situation, such as the stress distribution at a crack front.
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1.3.2.3 Crack Growth Rate

The validity of fracture mechanics, when applied to the crack growth in GRP composite
materials, has been subject to some debate.?** The poorly defined crack front and large
damage zone, normally associated with the crack growth in the composites, are major
concerns leading to the invalidation of the fracture mechanics. In stress corrosion
fracture, however, these problems do not arise; the crack front is usually sharp, with

only a small damage zone.

The possibility of applying fracture mechanics to the stress corrosion fracture of
unidirectional composites has been demonstrated by Aveston and Sillwood®! and Price
and Hull.®? Both groups found that stress corrosion crack growth, normal to the fiber

direction, obeys a simple power law:
dajdt = A K, *, (1.6)

where A and n are material constants, K; is the Mode I stress intensity factor, and da;dt
is the crack growth rate. This relation can be converted into a linear relationship in a

double-logarithmic scale.

Because of the high degree of heterogeneity and anisotropy of composite materials, the
stress intensity factor in Equation 1.6 cannot be directly calculated from the simple
equations that exist for homogeneous, isotropic materials. As is mentioned above,
however, linear elastic fracture mechanics remains valid for the analysis of stress
corrosion crack growth in composites because of a small damage zone at a crack front,
particularly in the early stage of stress corrosion fracture.®? The stress intensity factor
can, therefore, be derived from its relation to the strain energy release rate, G, in the

plane strain condition:
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K’ = E G/(1-»?), (1.7

where E and » represent Young’s modulus and Poisson’s ratio along the fiber direction,
respectively. The strain energy release rate can be determined by the change in

compliance, C, with the crack length, a, experimentally:

G = (P%/2t)(dc/da) , (1.8)

where P is the applied load and t is the width of the crack front. Substituting G in
Equation 1.7 with Equation 1.8, hence,

K2 = [E/(1-1?)][P?/(2t)]dC/da . 1.9)

The validity of this approach for composite stress corrosion applications is discussed in

detail elsewhere.%?

Stress corrosion crack growth in composites is also influenced by material,
environmental, and mechanical variables. A systematic study conducted by Hogg and
Hull®* showed a significant effect of resin types on the crack growth rate. Their results
suggested that the resin’s toughness, rather than its chemical resistance, control the rate
of stress corrosion crack growth. B. Noble et al #’ studied the crack propagation
behavior of GRP composite rods in various acidic environments and found that crack
growth rate also was highly dependent on acid concentration, stress level, and ease of
acid access to the fiber surface. The higher acid concentration at the crack front, the
lower stress intensity was required to maintain a given crack propagation rate.
Additional work performed by Price and Hull,® revealed large variations on microscopic
crack growth, although the crack growth rate appeared constant on a macroscopic scale.
These variations were probably related to the mechanism of crack extension, particularly

to secondary cracking parallel to the fibers. The occurrence of secondary cracking
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lessened crack propagation rate. Price and Hull also stressed the influence of fiber
volume fraction on the crack propagation rate; an increase in fiber volume fraction led

to a reduction of the crack growth rate for a given stress intensity factor.
1.3.3 Chemical Deterioration Theories

The environmental deterioration of composites, particularly reinforcing glass fibers, has
received great attention in recent years. Various mechanisms have been proposed to
explain the chemical degradation of glass fibers in acidic environments.”*2%® The most
predominant is the diffusion-controlled dissolution of non-siliceous constituents in glass

by ion-exchange reactions.
1.3.3.1 Environmental Influence on Composites

GRP composites are constructed of three microstructural components: glass fiber, resin
matrix, and fiber/resin interface. Largely because of their material nature, these
components exhibit different susceptibilities to environmental attack.**®*  Some
environments cause only reversible changes in their physical or mechanical properties,
while others may lead to irreversible damage, which becomes especially severe when
environments interact chemically with composite components. Property changes induced
by various environmental phenomena in each of the components are summarized in Table
1.3.% Very few of the listed phenomena are understood in detail, and little work has

been done on the effect of these changes on composite properties.

glass fiber

Glass fiber has proven to be the component most susceptible to environmental
degradation in GRP composites.’®*>689%101 - Upder the influence of water, acid, or

alkali, properties of glass fibers may degrade, to a greater or lesser extent. Chemical
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Table 1.3 Aspects of property deterioration in GRP composites®

Materials Feature Reversible Change Irreversible Change
(1) Water swelling (1) Chemical breakdown by hydrolysis
(2) Temperature flexibilizing (3] Chemical breakdown by UV radiation
(3) Physical ordering of local (3) Chemical breakdown by thermal
molecular regions activation
(4) Chemical breakdown by stress induced
Resin effects associated with swelling and

applied stress
(5) Physical ordering of local molecular

regions

(6) Chemical composition change by leaching

(7) Precipitation and swelling phenomena to
produce voiding and cracks

(8) Non-uniform de-swelling to produce
surface cracks and crazes

(9) Chemical effect of thermoplastic polymer

content on long term stability

Fiber-resin interface

Flexibilizing interface

(1) Chemical breakdown as above (1-4)
(2) Debonding due to internally generated

stresses associated with shrinkage and

swelling and applied stress
(3) Leaching interface

Fiber

(1) Loss of strength due to corrosion
(2) Leaching of fiber

Note: the relative importance of these effects will depend on environmental test conditions.
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attack mechanisms on glass fiber have been described as a leaching and/or an etching
process.”#>1%:191 1 eaching, more common in acidic media, is govern by ion-exchange
reactions, i.e., the selective removal of non-siliceous constituents from glass. Etching
is a first-order reaction that involves hydration followed by total dissolution of the glass.
This process is more frequently found in alkaline media. The reactions that occur

between glasses and solutions highly depend on the chemical composition of the glass.

Pure silica glass, an amorphous SiO, network structure, exhibits excellent acid
resistance™ and low solubility (0.02 wt%) in water,'®! although it is susceptible to strong
base attack. The addition of other intermediate and network modifying oxides to silica
glass, however, will make it potentially vulnerable to water or aqueous acid attack. The
fibers used in GRP composites are usually aluminoborosilicate E-glass, which contains
about 45% non-siliceous oxides. Simple immersion of E-glass fibers in water or alkali
is unlikely to cause serious degradation. By contrast, the consequences of acid exposure
can be much more severe, the severity relying on the nature and concentration of acids.
Metcalfe et al ” showed that bare E-glass fibers in dilute hydrochloric acids were
subjected to spontaneous cracking, even in the absence of external stresses. This
phenomenon is actually attributed to the non-siliceous ion removal from glass fibers by

ion exchange mechanisms, which will be addressed in Section 1.3.3.2.

Resin matrix

Thermosetting resins, common matrix materials, are chemically inert with respect to
reinforcing glass fibers. In early studies, resin matrices were thought to play a protective
role in shielding glass fibers from environmental attack;*>-%***! more recently, however,
they have been shown to be only partial barriers to water and aqueous acids. 564104103
Research conducted by Marshall e al on a variety of resins using radioactive tracer
techniques'® indicates that water readily diffuses through resin systems, the average

diffusion coefficient being around 10 cm?/s. The solvent diffusivity in resins depends
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depends primarily on the resin type, temperature, and the nature of solvents, their
polarity in particular.®'%1” Noble and his colleagues,*” in their study on stress
corrosion cracking of pultruded GRP rods in hydrochldric acids, found cracked fibers
surrounded by unfractured resin at a crack tip, convincing that stress corrosion fracture
of fibers can be achieved by aqueous acid diffusion through the resin matrix. Similar
evidence was observed by Hogg and Hull on the fracture surface of unidirectional lamina
after stress corrosion cracking in acid.*®* An alternative to resin diffusion, corrosive
media can reach the fiber by resin micro-cracking. This mechanism is especially
effective when either the resin matrix is brittle or localized stresses are high. Noble er
al ¥’ suggested that resin diffusion likely takes place in the early stages of the stress
corrosion process, but resin micro-cracking may become increasingly important in the
later stages with an increase in the stress intensity at the crack front. Furthermore,
solvent absorption in resin itself, either directly or indirectly, will affect its susceptibility
to cracking, although this process normally occurs slow at room temperature. Solvent
attack on resin can be chemical or physical in nature:'®!* chemical degradation is
generally restricted to hydrolysis or oxidation, while physical deterioration often results
from swelling, leaching, or plasticization. Due to both a low solubility and an extremely
slow absorption rate, solvent absorption does not exhibit significant influence on resin
mechanical properties at room temperature but may lead to serious resin degradation at
elevated temperatures as a result of a combined chemical and physical effects. When
resins are exposed to hot water, leaching of low molecular weight constituents will

114 a5 well as the

occur'®, which may lead to a reduction of resin fracture toughness
formation of disc-shaped internal cracks.!® Consequently, resins become more prone to

cracking.

Fiber/resin interface

Fiber/resin interface, mechanically the weakest component in composites, is also sensitive

to environmental damage. Early coupling materials were usually degraded by water
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attack because of hydrolysis of interfacial bonds. The use of silane coupling agents has
shown the improvement of interfacial integrity in a variety of corrosive
environments. !5 The deterioration of fiber/resin interface is a complex process that
is not exclusively determined by the bonding material but significantly impacted by the
resin and fiber degradation behavior. Menges and Gitschner'!® indicate that the resin
swelling could generate internal stress in the transverse direction and thus cause severe
stress concentration at the fiber-resin interface, leading to the interfacial debonding.
Alternatively, osmotic pressures have been suggested to be effective in the formation and
extension of the interfacial debonding.!"! During environmental attack, solvents or
soluble salts from fiber or resin corrosion may collect in voids or existing debonding at
the interface, thus developing osmotic pressures in the interfacial zone. The evidence
that solutions, such as brine, are less aggressive than distilled water is actually attributed
to the osmotic effect. In the stress corrosion of composites, fiber/resin debonding will
have a detrimental influence on mechanical properties of cdmposites, and more

importantly, provide a short path for corrosive media to access the glass fiber.
1.3.3.2 Acid Leaching of Fibers

Stress corrosion of GRP composites in acids results primarily from the chemical
deterioration of glass fibers. This deterioration is ascribed to the leaching of non-
siliceous constituents from glass, which may not only be controlled by the acid

concentration but also be influenced by the anions associated with acids.

Leaching mechanisms

Acid leaching of glass fiber is achieved chemically by preferential exchanges between the
non-siliceous constituents in glass and the hydrogen ions in acids.!'® Since the non-
siliceous constituents in E-glass is dominated by metal ions, the ion-exchange reaction

in acid leaching can be simplified into the following expression:
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M 4+ nHt 2 nHY + Mo (1.10)

where the bar denotes the species associated with the glass phase. When a fiber is
immersed in aqueous acids, metal ions in non-siliceous oxides are readily extracted from
the fiber surface, and to maintain electroneutrality, hydrogen ions in acids simultaneously
diffuse into the fiber. This ion exchange results in the formation of a sheath that is
depleted of metal ions in the fiber surface.’®"*'"" Since the hydrogen ion is much smaller
in size than the replaced metal ions, the depleted sheath tends to shrink; however, this
shrinkage is restricted by the intact fiber core. Consequently, a tensile stress is generated
in the sheath. Such a stress, with the growth of the sheath, becomes higher and
eventually exceeds the sheath fracture strength, promoting spontaneous surface
cracking.” This process is accelerated if an applied stress is present.”” A schematic

representation of fiber corrosion in acids is shown in Figure 1.10 .%

Because of its low silica content, E-glass fiber contains insufficient SiO groups to screen
the soluble constituents from the acid, leading to high leachability. Originally, the acid
leaching of E-glass fibers was attributed to the ion exchange between alkali ions in the
glass and hydrogen ions from the acid, as first proposed by Metcalfe ez al based on their
study of stress corrosion in E glass filaments.” They also suggested that if glass fiber
contains less than 5% of alkali ions by weight, surface corrosion cracking can be
inhibited. Recently, however, further studies’>''*'? have confirmed that the leaching of
calcium and aluminum ions, rather than alkali metal ions, is responsible for the acidic
corrosion of E-glass fiber. Work by Aveston and Sillwood®! showed that zirconia glass,
which contained almost no calcium and aluminum oxides but 11% of alkali oxides by
weight, appeared immune to concentrated sulfuric acid solutions. In fact, all other non-
siliceous constituents, in addition to calcium and aluminum, possess a certain leachability
in acids®-101.118.12L.12 However, given their low contents in the glass, the removal of these

ions has no significant effect on the acidic corrosion behavior of E-glass fiber.




Figure 1.10 Schematic representation of fiber corrosion in acid: (a) ion exchange of
metal ions, M**, from glass with hydrogen ions, H*, from acid; (b) sheath depleted of
M"* jons around a intact fiber core, producing a surface shrinkage stress, 0; (c) sheath

growth followed by surface cracking when shrinkage stress exceeds sheath fracture

strength, oy, .%°
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Leaching kinetics

Acid leaching controlled by ion-exchange reactions is an interdiffusion process;!'” non-
siliceous ions diffusing out from glass fiber and simultaneously hydrogen ions diffusing
into glass fiber. Chandler and Jones®™ suggested that the rate limiting step in ion
exchange could be diffusion of ions either through the liquid phase, a film-diffusion
controlled process, or through the solid phase, a particle-diffusion controlled process.
Because of the relatively compact structure of glass, leaching was most likely controlled
by particle diffusion.

Caddock et al'V studied the influence of ion diffusion behaviors on leaching rate and
found that acid leaching was characterized by two distinct stages. In each stage, the

diffusion coefficient was constant, but the diffusion coefficient in the early stage was
much higher than that in the later stage. They presumed two possible mechanisms
responsible for this phenomenon: (1) The diffusion rate change was associated with the
non-uniform glass structure along the fiber radius, being porous near the surface and
denser in the core, and (2) The leaching was dominated by the metal ion diffusion in the

early stage, but by the hydrogen ion diffusion in the later stage.

From a different perspective, Tian et al'*! proposed that the leaching process is driven
by two competing mechanisms: ion exchange and hydrogen ion diffusion. The early
stage of leaching is governed by ion-exchange reactions because in this stage the
diffusion rate of hydrogen ions is higher than the speed of ion-exchange reactions. Non-
siliceous ion leaching results in the formation of a silicon-rich layer in the fiber surface,
which acts as a barrier to hydrogen ion diffusion. When the leaching process proceeds,
this layer becomes thicker and denser, making the hydrogen ion diffusion more difficult.
In the later stage, therefore, the leaching process is limited by the diffusion rate of

hydrogen ions.
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Since leaching is primarily a diffusion-controlled process, its rate is highly sensitive to
diffusion-related factors. As a general rule, the increase of acid strength, which is
usually expressed by the hydrogen ion concentration, accelerates the leaching process.
The temperature also has a great effect on leaching. For most silicate glasses, the
leaching rate is nearly double for every 8 to 15°C increment, depending on the glass
composition.’” This effect can be attributed to increased ion mobility at higher
temperatures. ’

Anion influence

Acid strength was considered to be the only driving force in fiber corrosion until the
recent discovery of the anion influence made by Chandler and Jones.”>* After a series
of studies on the corrosion behavior of E-glass fiber in various inorganic and organic
acids, they found that the anions present in acids also play an important role, particularly
when the anions can form insoluble salts or complex ions with the metal ions depleted
from the glass. Such an insoluble salt or complex ion formation can effectively remove
the leached metal ions from the right hand side of Equation i.10, favoring the forward

direction of the ion-exchange reaction and thus accelerating fiber corrosion.

This theory has been supported by the finding of severe corrosion effects of oxalic and
mesoxalic acids.”® On the basis of acid strength, the relatively weak organic acids are
not expected to be very corrosive, this concept being true for most organic acids.
However, organic acids, oxalic and mesoxalic, are in fact extremely corrosive to E-glass
fiber because they can form insoluble calcium salts and/or aluminum complex ions and
therefore assist the leaching of calcium and aluminum ions from the glass. The same
effect has been observed with sulfuric acid, which can form low solubility calcium
sulphate.”” Additional evidence was provided by the observation that fiber corrosion was
considerably suppressed by the addition of selective metal ions, such as aluminum or

calcium ions, to neutralize the negative atmosphere in the acids.”> Furthermore, the
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formation of complex ions also gives a rational explanation for the corrosion of E-glass

fibers in neutral phosphate solutions.*

ivation phenomenon

In general, the higher the acid concentration, the faster and more severe corrosion the
glass fiber suffers. However, recent studies have shown that this rule holds true only
within a specific range of acid concentrations.’****” When the acid strength exceeds a
critical value, the fiber becomes more acid resistant with a further increase in acid
concentration. This abnormal behavior is called the passivation phenomenon, wherein
the critical concentration varies with the nature of acids but in most cases exists below
PH 1.

The passivation phenomenon primarily occurs in anion-controlled corrosion,** in which
the anions in acids tend to form insoluble salts or complex ions with the major metal ions
depleted from the glass, such as calcium and aluminum ions. The formation of these
insoluble salts or complex ions actually has two opposite functions: hastening the fiber
corrosion by removing the free metal ions in the acid solution and inhibiting the fiber
corrosion by forming a protective film on the fiber surface. When acid concentration is
below the critical value, the former function is predominant because the amount of
insoluble salts or complex ions is insufficient to form the dense surface film; however,
when acid concentration is above the critical value, the formation of the surface film is

favorable,” and therefore, the latter function becomes dominant.

Surprisingly, Jones and Chandler®?” have recently reported the passivation phenomenon
in hydrochloric and hydrobromic acids, in which fiber corrosion is controlled by acid
strength, although the anions present can also form complex ions with the minor metal
ions in the glass. They suggest that formation of ferric complex ions on the fiber surface

hinders the fiber corrosion process. However, this passivating mechanism is challenged
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by the extremely low availability of ferric ions in E-glass fiber. A better interpretation
of the passivation phenomenon in acid corrosion, particularly in acid-strength controlled
corrosion, can be made via the polymerization theory,'? which was originally established
by Elmer to explain the surface area decrease of the leached fibers in strong nitric acids.
During acid attack, the fiber surface experiences leaching, which makes it porous and

rich in silica, and meanwhile undergoes polymerization:

(= Si—OH] + [HO—Si =] -» [= 8i—0—8i =) + H0, (L.11)

which causes not only a restructure of the silica skeleton but also colloidal deposition in
the pores of leached glass. Consequently, the fiber surface structure becomes denser,
thereby increasing difficulty in ionic diffusion and eventually retarding fiber corrosion.
Since the high hydrogen ion concentration favors the disruption of Si-O bonds, the

polymerization effect is significant only in highly concentrated acids.

1.4 Failure Mechanisms of GRP Insulators

Brittle failure of GRP insulators is attributed to the deterioration of the composite rod.
In service, insulators experience the combined actions of environmental, mechanical, and
electric stresses. Due to the ultraviolet degradation, long-term hydrolysis, and gunshot
or power arc damage of polymer housing, the composite rod may lose its protection and
become exposed to the external environment. Further mechanical stress and
environmental effects can lead to stress corrosion fracture of the rod. When service
electrical activities are involved, the rod deterioration process becomes even more
complex, given that the electrical activity can modify both the stress distribution and the

corrosive environment.
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1.4.1 Mechanical Stresses

Mechanical stresses, in particular tensile stress, play an important role in the streés
corrosion fracture of GRP insulators, although fracture stress has been found to be only
10 to 20% of the insulator strength in dry fracture. Studies have shown that chemical
attack alone does not cause serious loss of composite properties, but that the interaction
between chemical attack and mechanical stress leads to a rapid deterioration of
composites.®?¥ Mechanical stress can accelerate a corrosion process in four possible

ways:w.ss,117

reducing the leaching-induced stress level required for the fiber fracture,
increasing the diffusivity of moisture or aqueous acids in the resin, promoting interfacial
debonding and matrix cracking to speed up the acid transfer, and accelerating the rate

of stress-activated chemical reactions.

In insulator service, mechanical stresses primarily result from two sources: external loads
and residual stresses in composite rod. External loads applied to the insulator rod mainly
arise from the weight of transmission lines, aeolian vibrations, and installation stresses.
Although the overall loading is dominated by tension, it will certainly be affected by
other mechanical stresses such as vibration, torsion, or bending. Because of the
superimposition of various stresses in service, external loading can be either static or
cyclic in nature. In most cases, mechanical stresses induced by external loads are
concentrated inside the end fitting of insulators, largely due to its structural complexity
and the existence of dissimilar material interfaces. Additionally, the character and
distribution of stresses in the rod will alter with the end-fitting design.*® In the cone end

fitting, shear stresses are predominant.

Residual stresses inside the composite rod can be generated during manufacture due to
different thermal expansion coefficients between the glass fiber and resin. They become
particularly high when resin is not completely cured. These localized stresses in the rod

can be intensified by such manufacturing defects as fiber misalignment, matrix voids, and
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fiber/resin interface debonding. Furthermore, microscopic residual stresses can be
induced to glass fibers as a result of a fast cooling rate and high drawing stress during
fiber fabrication. The cooling rate, which usually rises up to 10* °K/s, leads to an open
glass structure, whereas the high drawing stress, assisted by fast cooling rates, leads to
an anisotropic frozen-in network deformation.'”® Because the fiber surface experiences
the fastest cooling rate and highest drawing stress, residual stresses are expected to be

concentrated in the fiber surface layer.
1.4.2 Environmental Stresses

Previous studies have suggested that acidic environments in insulator service may arise
from two sources: (1) acid rain from external environments, and (2) organic acids

produced by internal partial discharge.
1.4.2.1 Acid Rain

Acids can form naturally in the atmosphere as a result of the dissolution of carbon
dioxide in water or the oxidation of neutral sulphur and nitrogen compounds. In ambient
air, the acidity of natural rainwater will stabilize near pH 5.6, due to its equilibrium with
atmospheric carbon dioxide. Therefore, acid rain is usually referred to as rainfall with

an acidity below pH 5.6.'%

Acid rain primarily results from emissions of sulphur oxides (SO,) and nitrogen oxides
(NO,), which can come from either natural or anthropogenic sources.'? The natural SO,
emission can be generated by seaspray containing sulfates, hydrogen sulfide from
volcanic eruptions, and biogenic sulfur compounds originating from the bacterial decay
of organic matter. However, the principal natural source of gaseous NO, appears to be
chemical decomposition of nitrides. In general, the natural emission of SO, or NO,

occupies at least 50% of total global emissions. Although natural inputs of SO, and NO,
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may be significant, they are well distributed globally, whereas manmade emissions tend
to be concentrated near population centers. The anthropogenic emissions of SO, and NO,
largely arise from fossil fuel combustion, industrial processes, and transportation. Of
these sources, fossil fuel combustion and industrial processes are the major ones for
manmade SO, emission, while fossil fuel combustion and transportation make up a great
portion of the NO, emission. Reported by the National Emission Data System,'* total
anthropogenic emissions for SO, and NO, in the United States for 1982 are 29.1 and
24.0 million tons, respectively.

Different chemical pathways exist for oxidizing SO, and NO, to sulfuric acid and nitric
acid in the atmosphere, depending on where the reaction takes place.!” Both acids can
be formed homogeneously in the gas phase and in the liquid phase, such as cloud water
and rainwater, or heterogeneously on the surfaces of liquid or solid aerosols.
Kinetically, the acid transformation rate is highly dependent on not only the composition
of the polluted air but also the presence of solar radiation. Once the acids are developed
in the atmosphere, they can be deposited onto transmission line hardware by either "wet
deposition,” in which acids precipitate in the forms of rain, snow, and fog; or "dry
deposition,” in which pollutant gases and particles, such as fly ash, sulfates, and nitrates,
are first deposited onto the hardware surfaces and then converted into aqueous acids

when they contact water.!’

In addition to sulfuric and nitric acids, hydrochloric acid may be involved in the
formation of acid rain. Average rainwater acidity in the northeastern United States has
been reported to result from 62% sulfuric acid, 32% nitric acid, and 6% hydrochloric
acid.” To date, the sources and formation mechanisms of hydrochloric acid have not
been completely identified. The natural sources of chloride include salt spray from
oceans, volcanic gases, and upper atmospheric reactions. Manmade chlorine and

chlorides are emitted from various manufacturing processes, particularly in chlorine
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gas and hydrochloric acid production. Coal combustion can also release chlorides into

the atmosphere.

Figure 1.11 depicts the annual average distribution of the weighted mean pH of
precipitation in the United States and Canada for 1980.% Notably, the precipitation in
some regions may reach an acidity of pH 4.08. In some local regions, the precipitation
can be even more acidic; for instance, acid fog with an acidity of as low as pH 1.7 has
been observed in California.’* Globally, acid rain has also become an increasing
problem. In Sweden, rain acidity of pH 3.0 to 3.5 is not unusual, and under certain

circumstances, rainwater can be as acidic as pH 1.'%
1.4.2.2 Organic Acids

The formation of organic acids within GRP insulators may occur in service because of
to electrical partial discharge.!”*>46 The phenomena and mechanisms of partial discharge

will be discussed in more detail in a later section.

Partial discharge within air-filled voids embedded inside insulator composite rods can
produce N*, O,*, O,, and other reactive species. Further reactions between these
species generate a series of nitrogen oxides, such as N,O, NO,, and N,0,. Reactive
oxygen species and nitrogen oxides are powerful oxidizing agents and are able to oxidize
polymer chains into the most highly oxidized state: CO, and H,O. During the
intermediate stages of the process, however, the polymer carbon backbone is broken at

various places, producing a mixture of low molecule weight organic acids of the sort:*
HOOC - (CH,), - COOH , where n = 0,1,2, ... (1.11)

Next to the final oxidation stage, the species most likely to predominate is oxalic acid

(n=0), which may be formed in a polymer chain by the reaction:
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Figure 1.11 Annual average distribution of the weighted mean pH of precipitation in the
United States and Canada for 1980.'”
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This acid can then further react with O, to form CO, and H,0. Although most organic
acids in the above group are weak acids, oxalic acid (n=0) and mesoxalic acid (n=3)
can be extremely corrosive.”*® A study conducted by Chandler and Reyders® revealed

that oxalic acid actually was much corrosive to E-glass than nitric acid.

The polymer oxidation theory has been supported by direct evidence. McMahon'? found
that electrical discharge on polyethylene did produce appreciable quantities of oxalic acid.
Similar to polyethylene in structure, the polymers used to construct GRP composites,
such as polyester and epoxy resins, would also be expected to be prone to such
degradation. In fact, Chandler and Reynders,* who exposed an artificial cavity between
two thin epoxy sheets to the partial discharge, found that oxalic acid was formed inside
the cavity. This finding suggests that it is possible to generate oxalic acid inside the
composite rod, particularly in micro-voids located in either the resin matrix or the

fiber/resin interface.
1.4.3 Electric Stresses

Most brittle fractures of GRP insulators have been reported as occurring either near or

17.3544.95 where electrical stresses are concentrated. This fact

inside the high-voltage ends,
suggests that insulator brittle fracture is an unusual stress corrosion process, in which not
only corrosive environments and mechanical stresses but also electrical activities are

present.
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In high-voltage applications, insulators may receive significant damage in the form of
erosion, puncturing, tracking, melting, burning, and displacement of both glass and
polymer phases, either by electrical activities alone or under the combined influences of
electrical activities and attendant environments.*¥*#4% Early concern with electrical
activities was restricted to their damage to polymer housing materials, which may lead
to the exposure of the composite rod to the external environment, thereby initiating the
stress corrosion of insulators. However, the latest development has revealed that internal
discharges associated with insulators could result in the formation of organic acids,*'¥
although the influence of electrical activities on the stress corrosion mechanisms is still

unclear.

Partial discharge occurs when some form of electrical activity within a material system
causes a rapid change of the electric field configuration.'” To generate partial discharge
in air-filled voids, two requirements have to be met. First, the electric field in a gas
void must be raised beyond the minimum breakdown field, under which free electrons
can be produced to initiate a discharge event. Second, the initiating free electrons must
be sufficiently far from the wall of the void so that the electron multiplication may
achieve a critical avalanche size before the wall is reached, i.e., a critical void size
exists. A quantitative theory of the void-induced partial discharge in a dielectric system
has been discussed in detail elsewhere.'*

Internal partial discharge basically is a void-induced electrical phenomenon. The major
source of voids in an insulator exists in the composite rod. During the pultrusion
process, by which the composite rod is manufactured, glass fibers are pulled through a
resin bath and then through a heated forming die. Air is forced out of the space between
individual fibers and resin. If glass fibers are not completely wetted, however, air
bubbles are likely to be trapped in the rod, resulting in oblong air-filled voids in the
fiber/resin interface along the fiber direction. Besides the interfacial voids, longitudinal

cracks can develop as a result of more rapidly curing in the outside of the rod than in the
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interior. This situation usually occurs when the die temperature is too high for a given
pulling speed. Furthermore, mishandling during installation and mechanical loading in
service may cause rod/housing debonding or longitudinal cracks along the composite rod.

In service, a higher applied voltage generally requires a longer insulator for the insulation
purpose. By increasing the insulator length, however, voltage distribution along the rod
will become nonuniform, with maximum electric stress occurring at the high-voltage end.
On a microscopic scale, the electric field in a small air-filled void is always greater than
the adjacent glass fibers by a factor of the glass dielectric constant, which is about 5.8
for E-glass.* If the void is sealed inside the rod, the pressure in the void, which is
determined by the vapor pressure of the most volatile component in the coupling agent,
can be lower than one bar at room temperature, leading to an additional increase of the
electric stress in the void.> As a result of the above three factors, the electric stress in
the void can be sufficiently high to initiate partial discharge activity inside the composite
rod near the high-voltage end.

i.5 Summary

The resemblance of fracture surfaces of GRP insulators in service to those generated in
laboratory stress corrosion conditions indicates that insulator fracture is an
environmentally assisted process. However, it is unlikely that highly concentrated
mineral acids from acid rain prevail in the service environment. The probability of
electrical activities playing a role in the failure mechanism, therefore, becomes stronger.
An interesting mechanism, recently proposed for the brittle fracture of GRP insulators
in high-voltage applications, suggests that resin can be degraded under the influence of
partial discharge activity, producing organic acids and thus creating an internal corrosive
environment. This mechanism gives a reasonable mode for the crack initiation.
However, it is difficult to understand how this mechanism alone can account for crack

propagation and the extremely planar nature of the fracture surface because internal
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partial discharge is such a localized activity. The stress corrosion fracture of GRP
insulators is an extremely complex process, primarily due to (1) the synergistic influence
of mechanical, environmental, and electrical activities in service, and (2) the high degree
of heterogeneity and anisotropy of GRP composite structures. To date, most studies have
been concerned only with the interaction between mechanical and environmental stresses;
however, little attention has been devoted to the influence of electrical activities on stress
corrosion of insulators. Failure mechanisms that control the brittle fracture of GRP

insulators have not been fully explained.




CHAPTER 2
EXPERIMENTAL PROCEDURES AND RESULTS

2.1 Insulator Failure Analysis

Insulator failure analysis aimed to characterize the fractography of service-failed or
damaged GRP insulators, and thereby to identify the failure mode of brittle
fracture. Seven GRP suspension insulators were fully examined in this failure
analysis. The service conditions for as-received insulators are summarized in Table
2.1. Insulators #1, #2, and #3 had operated in service only for several months; the

service lives for the other insulators were not available.

In this failure analysis, a special attempt was made to estimate the fracture stress
of composite rod on the basis of the rule of mixtures and the empirical relationship
of the fiber mirror size with the fiber strength by direct measurement of fiber

mirror_ sizes on the actual fracture surface.
2.1.1 Insulator Configuration

The insulators examined in this failure analysis had the same configuration as
shown in Figure 1.2, consisting of a composite rod, polymer housing, and metal
end fittings. In this specific design, the cone end fitting was employed, and the
housing was composed of separate rubber sheath and weathersheds (Figure 1.4).
All the composite rods were approximately 16 mm in diameter, except for insulator

#7 with a rod diameter of 32 mm.
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Table 2.1 Service conditions for as-received insulators

Insulator Insulator External Service As-received II
No. type status voltage, kV
1 I-string intact 345 insulator I
|L 2 I-string intact 345 insulator
3 V-string intact 345 insulator
high-voltage
4 I-string intact 345 end section
high-voltage "
5 I-string failed 345 end section
6 I-string failed 345 insulator
high-voltage
7 N/A* failed 115 end section

* N/A: the insulator type is not provided.




2.1.2 Imsulator Materials

The generic material information of major insulator components is listed below:

e Insulator rod: unidirectional E-glass fiber reinforced polyester composite
e  Rubber sheath: ethylene propylene diene monomer (EPDM)

e  Weathershed: silicone rubber

e  Metal end fitting: cast iron with zinc coating

o  Potting material: epoxy resin

The detailed material composition was not available for this failure analysis. In the
high-voltage end construction, asphalt print, a release agent, was sprayed onto the
inner surface of the metal casting to prevent the bonding between potting material and

the metal casting.
2.1.3 Preliminary Examination

Visual examination was conducted on the external integrity of the insulators, including
composite rods, rubber sheaths, and weathersheds. For the failed insulators, the
location of the major fracture was determined. For the externally intact insulators,
both high-voltage and ground ends were initially sectioned along the center line of the
composite rod. Subsequently, the exposed internal surfaces of the rod, as well as the

rod/sheath and epoxy/sheath interfaces, were subjected to optical examination.

Damage zone in the rubber sheath

As-received insulators #1, #2, and #3 appeared externally intact. After removing the
metal castings, no visible internal damage was observed either in two end fittings of

the V-string, insulator #3, or in the ground ends of the I-strings, insulators #2 and #3.
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Damage zones, however, were exposed in the high-voltage ends of both I-strings
(Figure 2.1). Developed on the rubber sheath surface, these damaged zones were
located adjacent to the epoxy/sheath interface. Further examination revealed that the
damage zone in insulator #3 formed a notch down into the rubber sheath but did not
penetrate to the composite rod underneath (Figure 2.1b). In addition, a black
substance was found both inside the damage zone and on the inner surface of the

metal casting (Figure 2.2).

Interface debonding and transverse crack

Similar to insulators #1 and #2, the high-voltage end of insulator #4 also exhibited no
external damage in the as-received condition, but the removal of the metal casting
revealed multiple circumferential cracks in the epoxy/sheath interface region (Figure
2.3a); they existed either along the interface or in the epoxy potting material (Figure
2.3b). The crack region was confined to one side of the rod and covered an
approximate 180° arc. White powders and rust-colored substances were also found
in the proximity of the crack region. By sectioning the high-voltage end normal to
the longest circumferential crack, a flat transverse crack was unveiled, along with a
longitudinal delamination (Figure 2.4a). Careful examination confirmed that the
transverse crack was actually co-planar with the epoxy/sheath interface debonding
(Figure 2.4b).

Fracture morphology

In all the failed and damaged insulators examined in this study, the main fracture
occurred in the region from the epoxy/sheath interface to the first weathershed
(Figures 1.2 and 2.5). The fracture surfaces in completely failed insulators can be
characterized by the morphologies shown in Figures 1.5a and 1.5b. In most cases,

the fracture surface exhibited two distinct regions (Figure 1.5a): one region appeared
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Figure 2.1 Damage zones found inside the high-voltage end of insulator #3.
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Figure 2.2 Black substance in the damage zone and on the inner surface of the metal

casting.
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Figure 2.3 Circumferential cracks in the epoxy/sheath interface region.
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(b) Epoxy/sheath interface debonding

Figure 2.4 Damaged composite rod found inside the high-voltage end.
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planar and ran perpendicularly to the composite rod, while the other displayed a
broom-like morphology with extensive longitudinal splitting. A unique fracture
morphology was observed in insulator #6, in which three transverse fracture planes
were located at different locations along the rod (Figure 2.5). Visual examination
revealed that all three transverse cracks were connected to the external surface of the
composite rod.

Longitudinal delamination

Longitudinal delamination is a common phenomenon associated with the brittle
fracture of composite rods. In insulator #4, longitudinal delamination developed along
the rod/sheath interface, starting from the epoxy/sheath interface debonding inside the
high-voltage end and extending all the way up to the 15th weathershed along the same
fracture plane. By separating the sheath from the rod in the delamination region, a
thin composite layer was found adhering to the inner surface of the sheath (Figure
2.4b). This evidence verified that the delamination did not exist at the exact
rod/sheath interface, but rather inside the composite rod. Similar longitudinal

delamination was also observed in insulator #5.

Internal crack

Since the longitudinal delaminations observed in this failure analysis were linked to
the epoxy/sheath interface debonding, their formation likely created a channel for the
external environment to access the internal composite system, thereby damaging the
composite rod adjacent to the delaminations. In insulator #4, an internal crack
network (Figure 2.6), comprised of a series of small transverse and longitudinal
cracks, was formed in the composite rod outside the high-voltage end where the
rubber sheath appeared intact. This network likely started from the rod surface,

where the longitudinal delamination occurred, and travelled towards the rod center.




Figure 2.6 Internal crack network formed outside the high-voltage end.
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Discoloration

Discoloration of composite rods was, on several occasions, observed in this study;
however, it was difficult to photograph under the regular illumination conditions in
an optical microscope. In insulators #6 and #7, the color of the major fracture and
delamination surfaces turned yellowish. More severe discoloration of the composite
rod occurred in insulator #4. The rod discoloration essentially accompanied the
lIongitudinal delamination somewhere above the epoxy/sheath interface to the 15th
weathershed. Examination of the rod cross-sections, taken at intervals up along the
rod, indicated that the discoloration area became larger the farther from the high-

voltage end it was measured.
rface cuttin

In insulators #4 and #6, surface cutting was discovered on the weathersheds near the
high-voltage end. The cutting always existed along the rod direction in which the
electric field was distributed. Figure 2.7 shows the surface cutting found at the root
of the 3rd weathershed above the high-voltage end in insulator #4. In this case, the
cutting penetrated through the weathershed but stopped at the sheath/weathershed

joint. However, further cutting of the rubber sheath may be also possible in service.
2.1.4 Fractographic Characterization

To obtain a high magnification and quasi-three-dimensional image of the fracture
surface, scanning electron microscopy (SEM) was employed for the fractographic
characterization. The SEM specimens were prepared by removing the fracture
surfaces from failed or damaged insulators. In this process, precaution was taken to
avoid any mechanical damage or surface contamination to the fracture surfaces. Since

GRP composites are electrically non-conductive, a thin layer of gold/palladium alloy




Figure 2.7 Surface cutting on the weathershed.
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was deposited on each specimen in vacuum to minimize electrical discharge during
SEM examination. The fracture morphology was characterized in a Zeiss DSM-960

scanning electron microscope operated at an accelerating voltage of 10 kV.

Planar fracture surface

The main fracture surface in insulator composite rods appeared planar in nature and
perpendicular to the rod (Figure 2.8). Although some micro-steps were present
parallel to the fiber axis, the fracture surface was essentially free from fiber pull-out.
In insulator #6, the micro-steps on the fracture surface were generated from the same
origin and twisted in a similar orientation, forming a spiral staircase pattern (Figure
2.8b). The overall fracture morphology observed in this study resembles the stress

corrosion fractography in unidirectional GRP composites under tension. 451,64

Fiber fracture morphol

On a microscale, fiber fracture surfaces exhibited the classic mirror, mist, and hackle
regions (Figure 2.9). This micro-fracture behavior, particularly the formation of well-
defined mirror zones, was identical to the characteristic of stress corrosion fracture
of individual fibers in composites exposed to acids.’*"™ As a trend, the region on
the fracture surface with relatively large mirror sizes always located adjacent the
external surface of composite rods; the fiber mirror sizes, in some cases, were found
to be as large as the fiber diameter (Figure 2.10). Based on the relationship described
in Equation 1.1, the fiber fracture stress was expected to be extremely low in this
region, and therefore it was likely the initiation site of stress corrosion fracture.
Moreover, the glass wedge in the hackle region (Figure 2.11), a result of the crack

bifurcation, was a common feature observed throughout the fiber fractures.




(b) Insulator #6

Figure 2.8 Morphology of the insulator fracture surfaces.
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Figure 2.9 Fiber fracture morphology.
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Figure 2.10 Fractured fibers with large mirror sizes.
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Figure 2.11

Glass wedge caused by crack bifurcation.
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Resin mposition

In this failure analysis resin decomposition was identified, for the ﬁ1;st time, on the
insulator fracture surfaces. Figure 2.12 shows the fracture surface morphology in
insulator #5, taken at a tilt angle; the resin matrix over the entire fracture surface was
significantly depressed relative to the fiber fracture surfaces. This feature disagreed
with the typical stress corrosion fracture of GRP composites, in which the fiber
fracture is always co-planar with the resin fracture (Figures 1.8 and 1.9). A depth
profile along a line between two adjacent fiber ends on the fracture surface indicated
that the resin level was approximately 30 um below the fractured fiber surfaces
(Figure 2.13). Further examination confirmed that resin decomposition was not an
unusual phenomenon in the brittle fracture of insulators. On the internal fracture
surface in insulator #4, resin decomposition was also observed. In this case, however,
the decomposition did not cover the entire fracture surface but remained localized in
several scattered regions (Figure 2.14). The decomposition in those regions was much
more severe than that found across the fracture surface of insulator #S5. Resin
decomposition is a thermally activated process. In general, the resins used for the
matrix materials in GRP insulators are thermosetting polymers. One characteristic of
these polymers is that they will decompose instead of melt when subjected to certain
critical temperatures, usually 200°C or lower, depending on the resin composition.
Since the resin decomposition did not alter the planar character of the fracture surface,

it most likely occurred after the fracture surface was formed.

Melted fibers

Similar in nature to the resin composition, melted fiber was another important finding
associated with high temperature involvement in the brittle fracture of insulators. On
the fracture surface of insulator #5, 10 to 15 melted fibers were observed near the

external surface of the composite rod (Figure 2.15). These fibers completely lost



Figure 2.12 Resin decomposition on the fracture surface.
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Figure 2.13 Depth profile on the local fracture surface.
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Figure 2.14

Localized resin decomposition.
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(b) "Flow mark"

Figure 2.15 Surface morphology of the melted fibers.
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their cylindrical geometries, and the fiber deformation appeared extremely irregular.
At high magnification, "flow marks" were discerned on the surface of the melted
fibers (Figure 2.15b). Since melted fibers were found adjacent to the region where
the fibers with huge mirror sizes were located, their formation may be associated with
the initiation of insulator brittle fracture. Furthermore, melted fibers were also found
on the fracture the fracture surface in insulator #7. Fiber melting, a high temperature
behavior, is impossible unless the temperature exceeds about 1,065°C, the glass
transition temperature of E-glass.”* In service, such localized high temperatures can
be induced only by electrical activities, especially electrical discharges.

Post-failure damage

Surprisingly, all of the insulator fracture surfaces examined in this failure analysis
were free from any post-failure surface damage (Figure 2.8), which is often observed
on the stress corrosion fracture surface of GRP composites exposed to acids, 30517118
Controlled by the diffusion process, the formation of post-failure surface damage
primarily relies on the acid concentration as well as the exposure time of the fracture
surface to aqueous acids. The fact that post-failure surface damage was eliminated
from insulator fracture surfaces implies that the corrosive media in service might be
not concentrated enough or only temporarily in contact with the fracture surface

during the stress corrosion process.

Surface deposits

Another common feature of the insulator fracture is surface deposits. In almost all
cases, the fracture surfaces were, more or less, covered with deposits (Figure 2.16).
The deposits tended to be distributed non-uniformly over the fracture surface; the
highest density of deposit was always located near the external surface of the




(b) Dense region

Figure 2.16 Deposits formed on the insulator fracture surfaces.
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composite rod, where the deposit layer could be so dense that the fractured fiber ends
beneath it were completely obscured (Figure 2.16b).

Secon C

In addition to the main fracture, secondary cracks were found in the composite rod.
Figure 2.17 shows one of the three transverse cracks detected on the external rod
surface near the main fracture in insulator #5, which followed microscopically straight
lines. As was described in the preliminary examination, secondary cracks were
sometimes found to be interrupted by short longitudinal delamination, forming a crack
network. Figure 2.18 displays the internal fracture surface taken from region "A" in
the crack network (Figure 2.6). The entire fracture surface in this region exhibited
a highly irregular morphology, consisting multiple steps. However, the fracture
surface on each step was planar in nature, and the fractured fibers exhibited large

mirror sizes (Figure 2.19).
2.1.5 Chemical Analyses

The chemical analysis conducted in this study was limited primarily to three areas: the
black substance observed inside the damage zone on the rubber sheath, the deposit on
the insulator fracture surfaces, and the depth distribution of major leachable metallic

ions, calcium and aluminum, in the fractured fiber end.

Black substance inside the damage zone

In both of the externally intact I-string insulators #1 and #2, damage zones were
formed in the rubber sheath adjacent to the epoxy/sheath joint inside the high-voltage
end (Figures 2.2, and 2.3). To determine the nature of the damage to the rubber
sheath, chemical analysis was conducted on the black substance taken from the
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Figure 2.17 Morphology of secondary transverse cracks.
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Figure 2.18 Fracture surface taken from the internal crack network.
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Figure 2.19 Fiber fracture morphology on the stepped fracture surface.
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damage zone in insulator #2. For purposes of comparison, the materials near the
damage zone, including rubber sheath, epoxy, and asphalt print, were also examined.
The chemical analysis was performed on a CARLO ERBA Nitrogen-Carbon-Sulphur
analyzer (NA 1500, Series 2), focusing on the amounts of carbon, hydrogen, and

nitrogen.

The elemental contents of carbon, hydrogen, and nitrogen by weight percentage in
each of the above components are presented in Table 2.2. As expected, the carbon
content in the black substance is significantly higher than that in the rubber sheath.
This result supports the hypothesis that the notch formation in the rubber sheath likely
resulted from erosion induced by electrical discharge. Since the asphalt paint might
partially cover the sheath surface, the interaction of electrical discharge with the
asphalt paint was also possible.

Table 2.2 Chemical composition of the black substance inside the damage

zone and the nearby materials, wt%

Material C H N "
Black substance 83.31 10.10 2.13
Rubber sheath 27.76 7.01 0.72
Epoxy 46.47 4.67 2.88
Asphalt paint 81.59 9.79 1.26
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Deposits on the fracture surface

The deposit formation on the fracture surface is a common phenomenon in insulator
brittle failure. To gain an insight into the stress corrosion process in service, a
quantitative chemical analysis was performed on the deposits. Three fracture surfaces
in insulator #4 (Figures 2.5) were selected for the chemical analysis: a transverse
crack surface, a longitudinal delamination surface inside the rod, and a rod surface at
the rod/sheath separation. Energy dispersive X-ray spectrometry (EDS), coupled with
SEM, was used to identify the deposits forming on the fracture surfaces. Given that
the deposits might contain some light elements, ESD was operated in the "no window"
mode.

Figures 2.20 to 2.22 show the EDS analysis result on each of the examined surfaces,
respectively. In addition to glass constituents (silicon, calcium, and aluminum) and
surface coating materials (gold and palladium), zinc and iron were detected on all
three surfaces. The chemical analysis on both the bare surface of a fractured fiber
and a large deposit particle on the transverse fracture surface further confirmed that
zinc was concentrated in the surface deposit (Figures 2.23 and 2.24). Since zinc and
iron could only come from the metal casting and its coating, their presence on the
fracture surface suggested that the metal casting may be corroded in the insulator
fracture process. This finding also implied that water, either in liquid or vapor form,
must have been present inside the high-voltage end, acting as a carrier to transport
zinc and iron internally along the fracture surface to the region away from the high-

voltage end.

Elemental depth distribution in the frac fiber en

Numerous studies have been conducted on the stress corrosion behavior of glass fibers

or GRP composites in aqueous organic or inorganic acids under laboratory
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Figure 2.20 EDS analysis on a transverse crack surface.
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(a) SEM micrograph
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Figure 2.21 EDS analysis on a longitudinal delamination surface.
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(a) SEM micrograph
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(b) EDS spectrum

Figure 2.22 EDS analysis on a rod surface at the rod/sheath separation.
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Figure 2.23 EDS analysis on the bare surface of a fractured fiber.
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(a) SEM micrograph

|;

i i

HtH et
L
i

5.203 kel
(b) EDS spectrum

Figure 2.24 EDS analysis on a large particle deposited on the fracture surface.
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conditions, 7505294 98118120 The regults obtained from these studies have led to the
same conclusion that calcium and aluminum depletion from glass fibers are
responsible for stress corrosion of E-glass/polymer composites. Thus far, however,
no direct evidence of calcium and aluminum depletion has been found on the actual
fracture surface developed in the composite rod of field insulators. In this failure
analysis, an attempt was made to determine the calcium and aluminum depth profiles

in the fractured fiber end on the fracture surface in insulator #5.

Considering the limitation of low depth resolution inherent in the EDS technique,
scanning Auger microscopy (Auger) of high surface sensitivity was selected for
determining elemental depth distribution in the fiber ends on the fracture surface of
insulators.”® The analysis was accomplished in micro-steps from the surface of a
fractured fiber end down to its interior along the fiber axis, with the aid of the ion

sputtering technique.

The results indicate that both the calcium and aluminum contents changed as functions
of the distance to the fractured fiber surface (Figures 2.25 and 2.26). With an
increase in the distance, calcium or aluminum content first increased and then reached
a constant value, i.e., calcium or aluminum content in an intact fiber, at the distance
of about 1 um for aluminum or 2 um for calcium, provided that silicon was
distributed uniformly along the fiber. This trend verified the occurrence of acid
corrosion during the insulator fracture process. Furthermore, it was evident that

calcium depletion was more pronounced than aluminum depletion.

2.1.6 Fracture Stress Estimation

In this failure analysis, an effort was made to estimate the fracture stresses on both
a single fractured fiber and the a failed composite rod by applying Equations 1.1 and

1.5, respectively, based on the direct measurement of fracture mirror sizes. To
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Figure 2.25 Calcium/silicon ratio as a function of the distance to the fractured

fiber surface.
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Figure 2.26
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perform the estimates, two parameters were essential: the mirror size on the fractured
fiber and the fiber volume fraction in the composite rod, which were measured using
SEM. In light of the assumption that the fiber volume fraction can be approximated
by the fiber area fraction on the rod cross-section for a unidirectional composite rod,
the fiber volume fraction was evaluated directly on the SEM images taken from the
fracture surface under a LECO 2001 imaging analyzer..

The fracture stress estimation was performed on the fracture surface in insulator #5.
To evaluate the fiber mirror size and the fiber volume fraction, ten fields were
randomly selected on the fracture surface (Figure 2.27), with each field possessing

approximately ten fractured fiber ends.

Mirror_size and fiber diameter measurements

Mirror size and fiber diameter measurements of individual fibers in the selected fields
are listed in Table 2.3. The corresponding mirror size and fiber diameter distributions
on the basis of 100 fibers are depicted respectively in Figures 2.28 and 2.29. The
fiber diameter obeys a Gaussian distribution. If the mirror size distribution is plotted
on a semi-logarithmic scale, it can also be described as a Gaussian distribution (Figure
3.29b). The calculated mean value from each distribution appeared to be 23.22 um
for the fiber diameter and 6.88 pm for the mirror size. Furthermore, the distributions
of the average mirror size and the average fiber diameter in each selected field was
compared (Figure 2.30). As expected, the average fiber diameter remained nearly
constant within the ten fields; however, the average mirror size varied significantly
from one field to another, with the smallest value of 4.71 um in field 3 and the largest
average value of 14.38 um in field 9.
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Table 2.3 Fiber diameter (D) and mirror size (r) measurements, um

99

:W
Number 1 2 3 4 5 6 7 8 9 10
23.6 21.8 229 225 21.5 22.5 23.6 20.4 2321 222
Field 1
6.3 52 4.9 10.9 8.8 6.7 6.3 12.3 6.0 7.0 H
20.1 21.5 22.9 22.2 22.5 218 225 23.2 22.9 %ﬂ
Field 2
6.7 7.0 9.1 9.1 7.0 10.5 1.7 52 8.4 6.0
21.1 21.8 22.5 21.5 211 19.4 19.7 21.1 247 | 21.6
Field 3
35 56 4.5 52 6.0 4.9 52 3.5 4.2 4.5
29.2 19.7 20.4 21.1 21.5 204 20.1 20.8 20.4 21.8
Field 4
7.0 6.7 8.8 11.2 8.4 9.1 14.4 1.7 6.3 6.3
21.4 232 243 243 23.2 25.7 26.8 254 250 222
Field § 4
3.8 6.7 52 4.9 4.2 6.7 4.9 6.0 6.3 4.5
22.5 22.5 23.6 23.6 229 22.2 22.2 22.2 29} 25.0
Field 6
8.4 8.1 52 9.5 9.1 6.0 7.4 52 8.1 9.8
23.2 24.0 24.7 23.6 23.6 23.2 229 23.6 229 | 222
Field 7
7.0 6.0 4.5 3.8 3.5 4.9 5.6 6.0 4.9 2.8
26.8 23.6 22.9 24.0 26.4 229 22.2 20.8 243 | 222
Field 8
5.2 7.4 7.4 4.2 35 7.0 4.5 4.9 42 6.7
24.4 23.6 25.0 24.0 26.1 24.7 24.7 24.3 25.7 243
Field 9
16.2 11.6 11.2 10.5 15.1 11.2 18.0 17.6 17.6 14.8
25.0 2.0 25.4 254 24.7 24.7 25.0 24.7 24.7 24.7
Field 10
7.7 8.4 12.0 8.1 74 6.0 8.1 4.5 8.4 7.4
— |
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Figure 2.28 Fiber diameter distribution.
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Fiber volume fraction evaluation

By averaging the fiber area fractions in the selected fields on the fracture surface, the
fiber volume fraction of the composite rod was estimated to be 75%, which fell within

the range designated for common unidirectional GRP composites.
E estimation

The fiber fracture stress was evaluated in each of the regions selected on the fracture
surface (Figure 2.27). To make the estimated stress representative, the average mirror
size, ry, in each region, instead of the mirror size on a single fractured fiber, r, was

chosen for the calculation. Equation 1.1 was thereby modified to
O r? = A, 2.1

where 0 represents the average fiber fracture stress in the region. The mirror constant,

A, was assumed to be 1.47 MPa m!'? suggested by Jaras and Norman for E-glass fiber.® ‘

The fracture stress on the composite rod was estimated by applying Equation 1.5 based
on the rule of mixtures. Since the average fiber fracture stress, 0y, was employed, the

equation was modified accordingly to

where the Young moduli for resin matrix, E,,, and glass fiber, E;, were assumed to be
3 GPa and 76 GPa, respectively,'* and the fiber volume fraction, V, was taken as 75%,
the actual value obtained from insulator #5. In the stress analysis, an effort was also

made to compare the fracture stress of the composite rod obtained from the above

estimation with its ultimate tensile strength in the dry-air condition, 0¢*, which was
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calculated to be 146 MPa, given the fracture load of 2,724 kg (6,000 1bs)'** and the rod

diameter of 16 mm.

Both the estimated fiber and rod fracture stresses are summarized in Table 2.4.
Notably, the estimated rod fracture stresses were approximately two to four times higher
than its ultimate tensile strength in the dry-air condition, which were much higher than
the values reported in the literature. The stress overestimate resulting from this
approach may arise from two sources. First, the relationship expressed by Equation
2.1, originated from bare glass fibers, may not be valid for the fracture stress
calculation on the fibers in composites. Constrained by a resin matrix, individual fibers
in composites experience internal stress concentration at the fiber/resin interface, which
primarily depends on the fiber volume fraction, the mechanical properties of both the
fiber and the resin, and more importantly, the curing status of the resin. Second, the
rule of mixtures may not work well for composite strength evaluation. In general,
mechanical strengths of composites are highly structure-sensitive.’> During composite
fabrication, fiber or resin structure may be changed, and due to considerable difference
in their thermo-mechanical properties, residual stresses may be generated within the
composite. These stresses could become large enough to cause the plastic deformation

of the resin matrix, thereby considerably altering the stress state in the composite.

Although some success has been obtained in strength calculation of glass fiber-reinforced
cement composites based on direct fiber strength measurements,® stress estimation
conducted in this study suggests that this approach is not suitable for evaluating fracture

stress of GRP composite rods in insulator brittle fracture.




Table 2.4 Average fracture stresses in the selected fields

Field

2.73

Tn Op O¢
number pm MPa MPa 0J0c* "
1 7.44 538.93 409.59 2.80
2 7.67 530.79 403.40 2.76
I 3 4.71 677.34 514.78 3.52 "
4 8.59 501.56 381.19 2.61 "
5 5.32 637.32 484.36 3.31
6 7.68 530.44 403.13 2.76
" 4.90 664.08 504.70 3.45
" 8 5.50 626.81 476.38 3.26
9 14.38 387.65 294.61 2.01
Ii
10 7.80 526.34 400.02
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2.2 Stress Corrosion Experiments

The purpose of these experiments was to understand the basic stress corrosion
behavior of common GRP composites in actual insulator environments. In service,
GRP insulators are likely surrounded by an acidic medium, containing nitric acid,
oxalic acid, or hydrochloric acid. Therefore, these acids were selected for the test
solutions. In these experiments, the effects of acid type, acid concentration,

mechanical stress, and materials on stress corrosion fracture were of primary interest.

Moreover, the existence of moisture or water is inevitable in service environments. It
is well known that GRP composites can be damaged when exposed to water. 2134137
However, no conclusive answer has been found to the question whether or not water
itself, i.e., without the presence of any other corrosive media, can cause stress
corrosion cracking of composites. In this experiment, water influence on stress

corrosion behavior of composites was also explored.
2.2.1 Materials

Three GRP composite systems, supplied by GlasForms Inc., were investigated in the
stress corrosion experiments. Made in the form of pultruded plates, these composites
were all reinforced by E-glass fibers, but constructed by different matrix materials,

including polyester, epoxy and vinyl ester.

All experiments focused on E-glass/polyester composite. Only in the study on the
material effect, were E-glass/epoxy and E-glass/vinyl ester composites involved in

addition to E-glass/polyester composite.
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2.2.2 Constant K; Specimen

The modified cantilever specimen, which is usually referred to as the constant K,
specimen, was employed in the stress corrosion experiment. The geometry and
dimensions of the specimen are illustrated in Figure 2.31. The specimen was
machined from an unidirectional composite plate in such a way that the fibers were
parallel to the load direction. To reduce the width of the crack front, a pair of
grooves were made on the sides of the specimen along the center line. Before the
testing, a pre-crack of about 1 mm in length was introduced at the notch root with a
scalpel blade to minimize the crack initiation time, and the sides of the specimen were

coated with vaseline to prevent acid attack ahead of the crack front.

Price and Hull have shown that this specimen geometry ensures that both the stress
intensity factor, K;, will remain constant within the first 15 mm of crack growth® and
that the stress corrosion crack will propagate from the notch root of the specimen in
the direction perpendicular to the fiber. For a stress intensity lower than 4.8 MPa
m'2’! or more conservatively 4.0 MPa m'2,% the fracture surface will appear
essentially planar, and the extent of fiber/matrix interface debonding and fiber pull-out
will be limited.

The geometry and dimensions of the specimen used in this study were identical to those
employed by Price and Hull,* except for the thickness of the specimen at the grooves,
which was reduced from 1.0 mm to 0.5 mm. Further finite element analysis'*® and a
compliance calibration experiment'®! verified that the constant K; assumption remained
valid for the reduced-thickness specimen. Results obtained from the compliance
calibration experiment also suggested that the constant K; region, in this case, was

lessened to approximately the first 8 mm of crack growth.
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Figure 2.31 Configuration of the constant K; specimen (all dimensions in mm).
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2.2.3 Experimental Arrangement

Stress corrosion experiments were conducted based on the concept introduced by Price
and Hull.®> The distinct advantage of their test technique is that mechanical stresses in
acting on the specimen can be accurately controlled, allowing for the correlation of stress
intensity to crack growih behavior. The experimental arrangement used in the stress
corrosion experiments consisted of three basic parts: a stress-corrosion test unit, a load
cell, and an acoustic emission unit. The detail of the arrangement is presented in Figure
2.32.

Stress-corrosion test unit

The stress-corrosion test unit contained a cantilever mechanical device, a solution storage
tank made of PMMA plexiglass, and a travelling optical microscope. In the experiments,
the constant K; specimen was immersed in the test solution to a level slightly above the
grooves. The tensile load was simultaneously applied to the specimen through its two
arms by the cantilever mechanical device. The travelling optical microscope, pointing

to the notch root, was used to measure the crack length during the experiments.

Load cell

To control the tensile load applied to the constant K, specimen, a load cell was inserted
into the loading path in the cantilever mechanical device and connected to a bridge

amplifier. The accuracy of load cell was calibrated to a tenth of a pound.

Acoustic emission (AE) unit

To monitor the stress corrosion process quantitatively, acoustic emission technique was

employed in the experiments. An AC 375L piezoelectric transducer was positioned
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on the upper edge of the specimen directly above the crack front (Figure 2.32). The
specimen surface in the contact area was polished and coated with vaseline, which
serviced as a coupling agent between the transducer and the specimen. During the stress
corrosion experiment, acoustic emission induced by crack propagation was detected by
the transducer, and the number of acoustic emission ringdowns was recorded on a X-Y
plotter. The acoustic emission technique has been found to be a useful tool to estimate
the number of fractured fibers in the stress corrosion fracture of composites.'*40 A
study conducted by Kumosa et al'*® has shown when the stress corrosion fracture in
unidirectional GRP composites are subjected to low stress intensities at the crack front,
two types of acoustic emissions are produced: high-energy signals generated by fiber
fracture and low-energy signals induced by matrix fracture. If the total gain of the
acoustic emission system is sufficiently low, however, it is possible to record only the
high-energy signals associated with fiber fracture. Based on this principle, the acoustic
emission system in the study was adjusted to the total gain of approximately 80 dB, at
which a one-to-one correlation between fractured fibers and high-energy signals, recorded
as ringdowns, was established. Figure 2.33 shows the acoustic emission output recorded
from the stress corrosion test in 0.5N hydrochloric acid. The large steps in the curve

correspond to the high-energy signals produced by fiber fracture.

The stress corrosion experiments were performed at room temperature. A fixed tensile
load of 9.08 kg (20 Lbs) was employed in all of the experiments, except for the study
on mechanical load effect, in which the tensile load was a variable. This particular load
was chosen to achieve the possibly highest crack growth rate under conditions of limited
fiber/matrix interface debonding at the crack front, thus reducing the test duration. The
calibration of the constant K; specimen used in this experiment'®® further revealed that
the tensile load of 9.08 Kg (20 Lbs) resulted in the stress intensity of approximately 4.3
MPa m'” at the crack front, which approximated the upper limit suggested by Price and

Hull for the formation of a planar stress corrosion crack in acidic environments.*-¢2
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Figure 2.33 Acoustic emission output recorded during the stress corrosion experiments.
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Therefore, the stress corrosion experiments performed in this study were conducted in

a highly accelerated condition.
2.2.4 Test Solutions

In the experiments, nitric acid (HNO,), oxalic acid (H,C,0,), and hydrochloric acid
(HC) with different concentrations, as well as tap water of pH 6.8, were chosen for the
test solutions. All the acid solutions were prepared by mixing analytical-grade acid

reagents with deionized water.
2.2.5 Stress Corrosion Behavior of Composites

The stress corrosion behavior of GRP composites is affected by many factors. Among
the most fundamental are acid type, acid concentration, mechanical load, and composite
materials. The effects of these factors on stress corrosion behavior of composites were

explored in the experiments. Additionally, the influence of water was also considered.
2.2.5.1 Acid Type Effect

The acid type effect was examined in nitric and oxalic acids; the former is an inorganic
acid and the latter is an organic acid. The concentration of each acid was fixed at pH

3. The test duration in each solution was 24 hours.

The experimental results are given in Figure 2.34. Within 24 hours, the number of
fractured fibers induced by stress corrosion in the oxalic acid solution appeared
approximately three times higher than that in the nitric acid solution, suggesting that
oxalic acid was more corrosive to E-glass/polyester composite relative to nitric acid at
equal pH. These results are consistent with those observed by Chandler ef al on

corrosion behavior of E-glass fiber in nitric and oxalic acids.*
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Figure 2.34 Number of fractured fibers in the pH 3 nitric and oxalic acids.
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2.2.5.2 Acid Concentration Effect

Acid concentration influence on stress corrosion behavior of composites were examined
in aqueous solutions of oxalic acid, from pH 5 down to pH 1 at intervals of one pH
value. The experiment in each solution lasted 24 hours. It should be noted that the
relationship between acid concentration and pH value is not linear, rather logarithmic;

for every reduction of one pH value, the acid concentration will become ten times higher.

The number of fractured fibers and the crack growth rate as a function of oxalic acid
concentration, expressed by the pH value, is presented respectively in Table 2.5 and
Figure 2.35. Apparently, the severity of stress corrosion in E-glass/polyester composite,
under a constant mechanical load, is highly dependent on the acid concentration; a higher
acid concentration, i.e., a lower pH value, led to a larger number of fractured fibers.
Furthermore, there likely existed a critical concentration of oxalic acid, between pH 4
and pH 5, below which the crack propagation was inhibited. It should be noted that the
critical acid concentration for stress corrosion fracture of composites may vary with the

applied mechanical load, the acid type, as well as the composite material.

2.2.5.3 Mechanical Load Effect

The mechanical load effect was evaluated in the aqueous oxalic acid of pH 1. The
experiment was conducted over 24 hours for each applied mechanical load, with the load
ranging from 6.81 kg (15 1bs) to 9.08 kg (20 1bs) in increments of 0.454 kg (1 1b).
Previous studies*’>% have suggested that in the stress corrosion fracture of unidirectional
GRP composites, the relationship between the crack growth rate, da/dt, and the applied

stress intensity, K;, or the applied tensile load, P, obeys a simple power law:

da/dt = A K", (2.3)




Table 2.5 Number of fractured fibers in 24 hours as a function of pH

produced by oxalic acid

pH Number of fractured fibers
1 532
2 288 "
I
3 143
4 31
5 0
6 0

116




117

30 T | T T | T

20 [

10

Crack Growth Rate,10'3 mm/hr
=
4]
|

Figure 2.35 Crack growth rate as a function of pH produced by oxalic acid.
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or

da/dt = B P™, (2.4)
where A, n, B, and m are constants. Assuming that each high-energy AE signal
corresponds to a single fiber fracture, the frequency of high-energy signals induced by
fiber fracture, d (AE),/dt, and the applied load, P, should comply with a similar power
relationship:

d(AE),/dt = Bx p™ | 2.5)

where B* and m* are also constants.

Figure 2.36 depicts the frequency of high-energy signals, expressed by the rate of AE
ringdowns, as a function of the applied tensile load in the pH 2 oxalic acid solution,
which satisfies the relationship described by Equation 2.5 and can be specified as

d(AE),/dt = 2.5e7 p2 2.6)

For the constant K; composite specimen, the crack growth rate, da/dt, can be further

derived from

da/dt = 1/(w V;)d(AE)./dt, Q.7
where w is the thickness of the specimen at the grooves, and V; is the fiber volume
fraction. Substituting w and V, with 0.5 mm and 75%, respectively, Equation 2.7

becomes

da/dt = 6.7 e pH | (2.8)
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which implies that on a double-logarithmic scale, the crack growth rate should be linearly
correlated to the applied load. As expected, this linear relationship was also observed
in the oxalic acid experiments (Figure 2.37).

Notably, the results confirmed that the acoustic emission technique provided a reliable
method for estimating crack growth rate in the stress corrosion fracture of unidirectional
GRP composites.

2.2.5.4 Materials Effect

The stress corrosion behavior of E-glass fiber/polyester, E-glass fiber/epoxy, and E-glass
fiber/vinyl ester composites were studied in nitric acid solutions of pH 3, pH 3.5, and
pH 4. The experiment on each composite material at each acid concentration took ten

days.

The crack growth rates as a function of the acid exposure time for different nitric acid
concentrations in E-glass fiber/polyester and E-glass fiber/epoxy composites are shown
in Figures 2.38 and 2.39, respectively. Apparently, the E-glass fiber/epoxy composite
exhibited much higher resistance to stress corrosion cracking in nitric acid compared to
the E-glass fiber/polyester composite; the crack growth rate in the E-glass fiber/epoxy
composite specimen exposed to the pH 3 nitric acid was found to be about ten times less
than in the E-glass fiber/polyester composite specimen.. Furthermore, there may have
existed a critical acid concentration between pH 3 and pH 4, under which the crack
propagation could not be initiated in the E-glass/polyester composite (Figure 2.38);
however, this phenomenon was not clearly identified for the E-glass fiber/epoxy

composite (Figure 2.39).

Superior to both E-glass fiber/polyester and E-glass fiber/epoxy composites in the stress

corrosion resistance, no signal of fiber fracture was recorded by the AE system during
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Figure 2.37 Crack growth rate as a function of tensile load in the pH 2 oxalic acid

solution.
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the exposure of the E-glass fiber/vinyl ester composite specimen to the pH 4, pH 3.5 and
pH 3 nitric acid solutions. Further study revealed that the stress corrosion fracture in
the E-glass/vinyl ester composite specimen could be initiated only if the pH value was
less than 2.5.

Crack propagation behavior of composites subjected to stress corrosion fracture in acids
has been suggested to be a function of the chemical resistance and fracture toughness of
resin matrices.**® Tougher resins can effectively reduce the crack growth rate; however,
they usually possess poorer chemical resistance as well as higher acid diffusion
coefficients, which in turn may facilitate crack propagation. Among the three composite
systems tested, the fracture toughness of the resins increases in the sequence of epoxy,
vinyl ester, and polyester, while their chemical resistance or acid diffusion coefficients
follow the opposite order. The much higher crack growth rate observed in E-glass
fiber/polyester composite than in E-glass fiber/epoxy composite implies that the influence
of the chemical resistance of resins on crack propagation may overweight that of their
fracture toughness. Furthermore, it is a good combination of chemical resistance and
fracture toughness of vinyl ester that makes E-glass fiber/vinyl ester composite to be of

the best stress corrosion resistance.

2.2.5.5 Water Effect

The water test was conducted in the same manner as the acid stress corrosion
experiments. The pH value of tap water was measured around 6.8. Given that tap water
is much less corrosive than acid solutions, the composite specimen was tested in water

for a half year, a much longer time than that in the acid experiments.

Although some damage, such as fiber/resin interface debonding, developed in the notch
root region due to water attack, no transverse crack was initiated, indicating that tap

water was not corrosive enough to generate stress corrosion cracking in unidirectional
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E-glass/polyester composite at room temperature. This observation is in accordance with
the result obtained by Grag'*' that water shows negligible influence on stress corrosion

behavior of glass fiber reinforced epoxy composites at room temperature.

2.2.6 Fracture Morphology

The surface fracture morphology of the stress corrosion cracks that developed during the
experiments was characterized using SEM. The sample was prepared for SEM
examination in the following sequence. First, the constant K; specimen, after being
disconnected from the test unit, was rinsed in deionized water and dried in air. Second,
Scotch tape was placed on the both sides of the notch root region to cover the stress
corrosion crack, preventing the crack from any contamination or mechanical damage in
the procedure. Third, the notch root region was cut off from the specimen with a
jewelry saw, and the matching fracture surfaces were obtained by mechanical separation
of the specimen along the crack. Finally, the fracture surface was deposited with a

gold/palladium conductive layer in a vacuum sputtering coater.

All of the stress corrosion cracks obtained from different acid experiments exhibited a
similar macro-fracture morphology, although their growth rates varied with acid type,
acid concentration, applied mechanical load, and composite material. A typical crack
morphology could be characterized by an essentially straight line or planar surface, which
initiated at the notch root of the constant K, specimen and propagated perpendicular to
the fiber direction along the center of the grooves (Figure 2.40).

The micro-fracture characterization was focused on the fracture surfaces in E-
glass/polyester composite induced by stress corrosion cracking in both nitric and oxalic
acids, since these acids were major sources of the corrosive environment in insulator
service. Figure 2.41a shows the fracture surface morphology of a crack generated in the
pH 3 nitric acid under the stress intensity of 4.3 MPa m'2, Evidently, the fractured fiber
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Figure 2.40 Transverse cracks developed in the stress corrosion experiments.
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(b) In oxalic acid

Figure 2.41 Surface morphology of stress corrosion fracture.
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surfaces exhibited large mirror sizes, and the entire fracture surface was free from any
post-failure damage, which resembled two of the critical features identified on the
fracture surface in field insulators. In contrast, the fracture surface produced by the pH
2 oxalic acid under the same stress intensity showed severe post-failure damage, which
completely destroyed the initial markings on the fractured fiber surfaces (Figure 2.41b).
As indicated earlier, the post-failure damage actually resulted from acid corrosion of
glass fibers. Controlled by ion diffusion, post-failure damage is also expected to occur
on the fracture surface generated in the less concentrated oxalic acid solutions, but over
relatively longer time. The fracture morphology differences caused by nitric and oxalic
acids were further verified by the acid corrosion study of E-glass fiber, which will be
discussed in Section 2.4.

To further examine the possibility of generating post-failure damage in nitric acid, a
specimen of the fracture surface, originally developed in the pH 3 nitric acid, was

immersed in the same solution for one month. No visible surface damage was observed.

2.3 Electrical Discharge Experiments

The brittle fracture of GRP insulators is caused by a complex stress corrosion process,
in which service electrical activities may play a crucial role. To understand the electrical
effect on stress corrosion fracture of E-glass/polyester composite insulators investigated
in this study, two issues were anticipated to be resolved by the electrical discharge
experiments: the possibilities of both the formation of oxalic acid in polyester and the
initiation of stress corrosion cracking in E-glass fiber/polyester composite under electrical
discharge. These issues were studied in the electrical discharge test and the high-voltage
fracture test, respectively.
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2.3.1 Polymer Discharge Test

The formation mechanisms of organic acids, particularly oxalic acid, under the
interaction between polymer and partial discharge is pertinent to the investigation of the
brittle fracture of insulators. Previous studies have shown that oxalic acid can be
produced from polyethylene and epoxy resins under the influence of electrical
discharge.’*'* However, no direct evidence has ever been found of the oxalic acid
formation in polyester resin subjected to electrical discharge. In this test, the surface
discharge phenomenon on both polyester and E-glass fiber/polyester composite was

investigated to explore the possibility of the oxalic acid formation in these materials.

The surface discharge test was conducted on 1-mm thick polyester and E-glass
fiber/polyester composite disks in an AC electrical discharge cell (Figure 2.42). Placed
on the bottom electrode in the cell, the disk specimen was separated from the top
electrode at a distance of about 2 mm. During the test, the upper surface of the
specimen was subjected to electrical discharge in air under the applied voltage of 6 kV
at 60 Hz.

The electrical discharge byproducts, collected from the discharged area on the specimen
surface, were subsequently analyzed by gas chromatography in a Finnigan 4021 gas
chromatograph mass spectrometer data system.'*® Using a DB-5 methyl silicone column,
the analysis was performed at the programmed rate of 20 °C/min from 50 to 200°C after
maintaining an initial temperature of 50°C for one minute. The solvent and the
derivitizing agent used in this analysis were pyridine and bis(trimethysilyl)
trifluoroacetamide. The gas chromatographic results for the byproduct samples collected
from discharged polyester and E-glass fiber/polyester composite are presented in Figures
2.43 and 2.44, respectively. Further identification of the major constituents in each

reconstructed ion chromatogram is listed in Table 2.6 for polyester resin and Table 2.7
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Figure 2.42 AC electrical discharge cell.
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Table 2.6 Major constituents identified in the byproducts of discharged
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polyester resin
Peak number Constituents
1089 silanol »
1392 benzeneacetic acid H
1417 dimethyl phthalate “
1879 phthalic acid “

Table 2.7 Major constituents identified in the ion chromatogram for discharged

- E-glass fiber/polyester composite

Peak number Constituents —u
1085 silanol |
1152 trimethylsilyl ether glycerol
1879 phthalic acid
1915 tri(trimethysilyl) borate Th

1981

tetradecanoic acid
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for E-glass fiber/polyester composite. Phthalic acid was identified in both polyester and
E-glass fiber/polyester composite samples; however,- oxalic acid was not detected.
Phthalic acid is an organic acid used in manufacturing polyester resin. Because its
dissociation constant, 103, is substantially lower than that of oxalic acid, 1072,

phthalic acid is expected to be much less corrosive than oxalic acid.

2.3.2 High-Voltage Fracture Test

To investigate the influence of electrical discharge on the stress corrosion fracture of
composites, a high voltage system was constructed. Designed on the basis of the
constant K; specimen geometry, the system consisted of four basic parts: a loading unit,
a syringe pump unit, an electrical control unit, and an AE unit (Figure 2.45). The
specimen loading in this system was achieved by applying dead weight. To initiate
electrical discharge at the notch root, a positively charged needle, controlled by a X-Y
positioner, was placed at a close distance to the notch root, about 0.5 mm, and the
opposite side of the specimen was electrically connected to the ground pole. The
creepage distance, the distance between the needle tip to the ground, was adjusted by
moving the clamp at the ground end along the grooves. Figure 2.46 shows the scheme
of the electrical control unit. This electrical layout allowed the system to achieve the
maximum voltage capacity of 14 kV. To modify the notch root environment externally,
a syringe pump unit was installed, making it possible to transfer test solutions to the
notch root at an adjustable rate. Similar to the stress corrosion system, the high voltage
system was also equipped with an acoustic emission unit to monitor the fracture process.
For insulating purposes, a wave-guide glass bar was employed to bridge the AE
transducer to the specimen, eliminating possible electrical discharge on the transducer.

More detailed information on the high voltage system can be found elsewhere.'*®
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Figure 2.45 Configuration of the high voltage system.
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Figure 2.46 Scheme of the electrical control unit.
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The high-voltage fracture test was conducted on the constant K; specimen made of E-
glass fiber/polyester composite. The specimen geometry was similar to that used in the
stress corrosion experiment, previously defined in Section 2.2.2. Mechanically loaded
under 9.08 kg (20 1bs), the specimen was subjected to electrical discharge at 12 kV,
which corresponded to the creepage distance of approximately 15 mm. Two specimen
conditions were considered: the dry condition in which the specimen was kept in the
normal atmosphere, and the wet condition in which the specimen was immersed in tap

water for one month prior to the test.
2.3.2.1 Moisture Effect

Under dry conditions, the notch root of the specimen was exposed to electrical discharge
for one month. Figure 2.47 shows the side view of the notch root region. The notch
root region was significantly affected by electrical discharge, exhibiting severe resin

decomposition. No crack initiation, however, was observed at the pre-crack front.

In sharp contrast, the wet condition promoted cracking initiation from the pre-crack front
only a few days after the test started, reaching approximately 2 mm in length within ten
days (Figure 2.48). Comparable to the transverse crack developed in the stress corrosion
experiment, the crack observed in this test also propagated perpendicular to the fiber
direction. This evidence revealed that the transverse crack could be generated in E-glass
fiber/polyester composite under the combined influence of mechanical and electrical
stresses in the presence of moisture. Similar results were obtained from the test, in
which tap water was periodically injected at the notch root of the specimen during
electrical discharge.'®
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Figure 2.47 Side view of the notch root region.
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Figure 2.48 Transverse crack developed under wet conditions.
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2.3.2.2 Fracture Morphology

The fracture surface generated in the high-voltage fracture test was characterized using
SEM. The same methodology described in Section 2.2.6 was employed for the sample

preparation in this SEM examination.

The transverse crack generated under wet conditions exhibited planar fracture
morphology, which was similar to that observed on the fracture surface of an acid-
induced stress corrosion crack (Figure 2.48). Two well-defined regions were identified
on the fracture surface: the center and the edge regions (Figures 2.49a). In the center
region the fracture surface was covered by a dense deposit layer (Figure 2.49b);
however, the surfaces in the two edge regions were free from deposit, the fractured
fibers in these regions being clearly visible (Figure 2.49¢c). The formation of these two
distinctive regions were likely associated with both thé trajectory of the electric wind

relative to the specimen and the availability of oxygen supply.

On a microscale, partially or completely melted fibers were observed on the fracture
surface (Figure 2.50). Most of them were detected in the region close to the notch root.
In fact, the partially melted fibers exhibited a surface morphology similar to that found
on the fracture surface of field insulators (Figure 2.51). Furthermore, in both the center
and edge regions the polyester resin was severely decomposed, especially in the edge
regions near the notch root. (Figure 2.52). This feature was also identified on the

fracture surface of field insulator (Figure 2.12).
2.4 Acid Corrosion Behavior of E-Glass Fiber
Stress corrosion fracture of GRP composites is primarily attributed to the chemical

deterioration of glass fibers by ion-exchange reactions. Therefore, the fundamental

investigation on acid corrosion behavior of glass fibers in aqueous acids, which is similar




141

Figure 2.49 Fracture morphology generated under wet conditions.
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(b) Completely melted fibers

Figure 2.50 Melted fibers on the fracture surface.
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(@) Melted fiber generated by electrical discharge
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(b) Melted fiber on the insulator fracture surface

Figure 2.51 Surface morphology of the melted fibers.
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(b) Near the edge

Figure 2.52 Resin decomposition on the fracture surface.
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in nature to service environments of insulators, becomes essential to understanding the
stress corrosion mechanisms of GRP insulators. Arising from either acid rain or
byproducts of partial discharge in polymers, the potential service environments would be
nitric acid, oxalic acid, sulfuric acid, hydrochloric acid, or the combination of these. In
this study, the influences of the above acids on the acid corrosion behavior of E-glass
fiber, particularly on the fiber surface deterioration and the non-siliceous ion depletion,

were investigated.

Another motivation for this study was to evaluate the tendency to form post-failure
damage in composites exposed to the above four acids, and thereby to determine which
of these acids is likely dominant in service environments. From the insulator failure
analysis, it was evident that all of the fracture surfaces were free from post-failure
damage, which is a common phenomenon in stress corrosion fracture of composites.
Post-failure damage is causéd by non-siliceous ion leaching from fractured fiber ends
during a prolonged exposure of existing fracture surfaces to relatively concentrated
acids.” Therefore, it is rational to assume that the tendency to form post-failure damage
can be evaluated by the susceptibility of glass fiber to acid-induced surface cracking,
which is controlled by exactly the same mechanism as that in the process of post-failure

damage.
2.4.1 Fiber Specimen

The glass fiber used in this study, supplied by GlasForms Inc., was the E type with the
chemical composition shown in Table 2.8. The average fiber diameter was
approximately 12 um. To maintain compatibility with various resin systems, the glass
fiber was sized with silane agent. Cut from a fiber strand, each fiber specimen was
about 10 cm in length and contained about 2,500 fibers. The weight of fiber specimens
ranged from 70.2 mg to 83.5 mg.
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Table 2.8 Chemical composition of the E-glass fiber, wt%

Na,O0

Sio, Ca0 AlLO, B0, MgO & TiO, Fe,0, | CaF,
K,O

0.00 0.05 0.00
52.58 16.25 12.16 5.10 0.50 0.20 to to to
0.08 0.40 0.01

2.4.2 Acid Immersion Experiments

The acid immersion experiments were performed in nitric, oxalic, sulfuric, and
hydrochloric acids. For each acid, four solutions were prepared using deionized water
with concentrations changing from pH 1 to pH 4 in.increments of one pH value. In the
experiments, a fiber specimen was completely immersed for two weeks in each of the
sixteen acid solutions, which were stored in Teflon bottles to avoid any possible chemical
reactions between the acid solution and the container material. After the experiments,
the fiber specimen was removed from the solutions, rinsed immediately in deionized

water, and dried in air.
2.4.3 Fiber Weight Loss
The weight loss estimation was conducted on each fiber specimen by comparing its

weight before and after the acid immersion test. The sensitivity of the balance used for

the weight measurement was on the order of 1/10,000 of gram.
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The fiber weight loss results obtained from the acid immersion experiments are illustrated
in Figure 2.53. Notably, the fiber weight loss was significantly affected by both the acid
type and the acid concentration; however, the acid type influence seemed more
pronounced. Of the four acids, oxalic acid led to the highest weight loss in all tested
acid concentrations. The fiber weight losses in nitric and hydrochloric acids were similar
to one another but insignificant compared to the value in either oxalic or sulfuric acid of
the same concentration. It was also evident that for all the acids tested, the relationship
between fiber weight loss and the acid concentration followed a general rule: the fiber
weight loss became intensified with increasing acid concentration, i.e., reducing the pH

value.
2.4.4 Ion Depletion Behavior

Acid corrosion of E-glass fibers mainly results from calcium and aluminum ion
depletion.’>!18120 To evaluate the leachability of these ions in the selected acids, atomic
absorption and colorimetric spectrophotometry were utilized. Both calcium and
aluminum contents in the resultant solutions from the acid immersion experiments were
determined using either a Perkin-Elmer 603 atomic absorption spectrophotometer or a
Perkin-Elmer Lambda 6 UV/VIS colorimetric spectrophotometer. For the solution
containing precipitates, a 0.1 pum polycarbonate membrane filter was employed to
separate the precipitates from the solution. The precipitates were then dissolved in a 0.1N
hydrochloric acid solution. The calcium and aluminum measurements were carried out

in the filtrate and the acidified precipitate solution independently.

As expected, both calcium and aluminum depletion from E-glass fiber were found in the
acid immersion experiments (Figures 2.54 and 2.55). The results further revealed that
the leachability of calcium or aluminum ions was highly dependent on both acid type and
acid concentration, exhibiting a similar trend to the fiber weight loss (Figure 2.53). For

all of the acid concentrations, both calcium and aluminum ion depletion in oxalic and
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Figure 2.53 Fiber weight loss as functions of acid type and acid solution pH.
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Figure 2.54 Calcium ion concentrations in resultant acid solutions.
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sulfuric acids were more severe than in nitric and hydrochloric acids énd in each acid,
a higher acid concentration resulted in greater ion depletion. Moreover, calcium ions
depleted from the fibers appeared higher in quantity than aluminum ions in all the acid
solutions, excluding the pH 2 oxalic acid solution in which the opposite result was

observed.

Furthermore, an attempt was made to calculate the fiber weight loss caused by the
removal of calcium and aluminum oxides. The calculation was performed based on both
calcium and aluminum depletion results and relative contents of calcium and aluminum
oxides in the glass fiber (Table 2.8). Table 2.9 shows the comparison of the measured
fiber weight losses, wt, %, with the calculated fiber weight losses, wt.%, in each of the
four pH 1 acid solutions tested. Clearly, a good agreement was reached between the
measured and calculated weight losses in both nitric and hydrochloric acids. A lower
calculated weight loss relative to the measured value, however, was found in both oxalic
and sulfuric acids. The discrepancy is likely caused by discounting the depletion of other
non-siliceous ions, particularly boron ions. E glass contains 5.10% of boron oxide by
weight. Because boron ions reside in the silica network, their depletion may disturb the

glass structure and thus make it unstable, facilitating the depletion of other non-siliceous

ions.
Table 2.9 Comparison of fiber weight losses
Acid, pH 1 Hydrochloric Nitric Sulfuric Oxalic
wt, % 1.98 2.40 22.93 24.98
wt, % 1.98 2.46 14.88 19.95
|
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2.4.5 Fracture Morphology

After the acid immersion experiments, the surface and cross-section morphology of the
fibers was examined in a Zeiss DSM-960 SEM at an accelerating voltage of 10 kV.
Samples for the surface morphology examination were prepared by laying single fiber
layer on the surface of pre-taped sample stubs. For the cross-section morphology
examination, the fibers, supported by a coil clip, were mounted in epoxy. Mounted
samples were then ground with 240, 320, 400, 600, 800, and 1200 grit silicon carbide
papers successively. Final polishing was carried out on the lapping films from size 9
pm, 3 um, to 1 um. To avoid electrical discharge, carbon was sputtered on each sample

before SEM examination.
2.4.5.1 Surface Morphology

In the as-received condition the fiber surface appeared intact, with the exception of some
superficial irregularities, such as axial lines or extrusion patches (Figure 2.56). These
defects were likely introduced to the fiber surface during fibcr fabrication. After the acid
immersion experiments, the fiber surface deterioration was observed to various degrees,
depending on the acid type and concentration. The characterization of the fiber surface

morphology is summarized below based on the acid type.

Fibers immersed in oxalic acid solutions

The surface morphology of the fibers immersed in the pH 1 solution was characterized
by axial cracks, which ran through the entire fiber length (Figure 2.57). This crack
morphology implied that the principal surface stress was axial in nature. Further
observation revealed that each axial crack was usually accompanied by an circumferential
crack underneath (Figure 2.58). It is likely that during acid immersion the axial crack

was initiated on the fiber surface and propagated towards the fiber center. Once the
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(b) Extrusion patches

Figure 2.56 Surface morphology of as-received E-glass fibers.
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2.5 pm

(b)

Figure 2.57 Axial cracks generated in the pH 1 oxalic acid solution.
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5 pm

Figure 2.58 Internal circumferential crack developed with axial cracks in the pH 1

oxalic acid solution.
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axial crack advanced to a certain depth, its further growth was prohibited in the radial
direction and thereby turned to the tangential direction, forming an internal
circumferential crack. Unlike the surface morphology induced by the pH 1 solution, ring
or spiral surface cracks were formed on the fibers exposed to the pH 2 solution (Figure
2.59). The spiral spacing appeared non-uniform, and some small cracks were also found
in various locations between spiral steps. The pitch angle of spiral cracks was found to
be highly irregular. On most occasions, spiral crack propagation was terminated
someplace along the fiber, where the crack propagation changed to the direction

perpendicular to the fiber axis, i.e., the pitch angle became approaching to zero.

For the fibers immersed in the pH 3 and pH 4 solutions, however, no cracking was
detected on the fiber surface, although a few fibers tested in the pH 3 exhibited spiral-
like surface damage (Figure 2.60). This damage could be the initial indication of the

spiral crack formation.
Fibers immersed in sulfuric acid solutions

Similar to the fiber surface morphology formed in the pH 2 oxalic acid solution, spiral
cracking was also found on the fiber surface exposed to the pH 1 sulfuric acid solution
(Figure 2.61a). In this case, however, the spiral cracks were uniformly spaced, and their
pitch angles appeared similar to one another. Some cracks ran through the entire fiber
length, while others were discontinuous in the form of small segments. On several
occasions, multiple short cracks were formed between two adjacent steps of a spiral crack

and perpendicular to the spiral crack (Figure 2.61b).

Although no surface cracking was generated on the fibers in the pH 2 solution,
particulate deposition was found on the surface of several fibers (Figure 2.62). For less
concentrated pH 3 and pH 4 solutions, no visible surface damage could be identified on

the fibers under SEM observation.
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Figure 2.59 Spiral cracks generated in the pH 2 oxalic acid solution.
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5 pm

Figure 2.60 Surface damage generated in the pH 3 oxalic acid solution.
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(b) Multiple short cracks

Figure 2.61 Fiber surface morphology generated in the pH 1 sulfuric acid solution.
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Fibers immersed in hvdrochlori i lution

Compared to oxalic and sulfuric acids, hydrochloric acid appeared to be less corrosive
to E-glass fiber. Surprisingly, no surface crack or damage developed on the fibers
exposed to every hydrochloric acid solution for two weeks, even in the pH 1 and pH 2
solutions (Figure 2.63). This observation contradicted the results obtained from earlier
studies,> which indicated that hydrochloric acid at pH 1 or lower could generated spiral
cracks on E-glass fiber within 24 hours. In general, the acid corrosion resistance of
glass fibers should rely primarily on their chemical composition. In practice, however,
the composition of E-glass fiber varies from one manufacturer to another. The high
corrosion resistance of the fibers to hydrochloric acid observed in this study may be

attributed to the specific fiber composition and/or the sizing agent applied.
Fibers immersed in nitric acid solutions

Similar to the results obtained from the hydrochloric acid immersion tests, no surface
damage was observed on the fibers tested in every concentration of nitric acid solutions

for two weeks (Figure 2.64).
2.4.5.2 Cross-Section Morphology

To further identify crack penetration depth, cross-sections of the fibers with axial and
spiral surface cracks, which were generated in the pH 1 oxalic acid and the pH 1
sulfuric acid respectively, were examined. Figure 2.65a illustrates the cross-section
image of an axial crack in the fiber exposed to the pH 1 oxalic acid. The average
penetration depth of axial cracks was estimated to be 3 um. In all cases, the axial crack
was arrested by an internal circumferential crack. This finding was consistent with the
observation shown in Figure 2.58. Furthermore, the circumferential crack appeared

symmetric in relation to the axial crack, and its angular length ranged from 150 to 180
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Figure 2.62 Surface particulate deposition induced in the pH 2 sulfuric acid solution.
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Figure 2.63 Surface morphology of glass fiber exposed to the pH 1 hydrochloric acid

solution.
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Figure 2.64 Surface morphology of glass fibers exposed to the pH 1 nitric acid
solution.
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(b) Fiber with a spiral crack

Figure 2.65 Cross-section images of the fractured fibers.
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in radian. For the fiber tested in the pH 1 sulfuric acid, a ring structure was observed
(Figure 2.65b), which reflected the image of a spiral crack on the fiber cross-section.
The average penetration depth of spiral cracks approximated 1 um, which was two times

smaller than that of axial cracks.

In addition, based on the literature, a core-sheath structure can develop on the cross-
section of glass fibers undergoing long-term acid corrosion.’>!' The fiber outer sheath,
depleted of non-siliceous ions, may be identifiable both optically and in SEM because of
the change of refractive index in the sheath with respect to the intact fiber core.!'142
However, this core-sheath structure was not detected on the cross-section of acid-
corroded fibers in this study.

2.5 Crack Tip Chemistry

Stress corrosion cracking of composites, dominated by crack propagation, is virtually
driven by the stress intensity and the corrosive environment at the crack tip. Because a
stress corrosion process involves localized corrosion at the crack tip, the crack tip
chemistry can be further modified by corrosion products and thereby may become
significantly different from the global environment. To gain a better understanding of
the propagation behavior of stress corrosion cracking in GRP composites, the influence
of the chemical composition of composite materials on the crack tip chemistry was
investigated in this part of the study.?"!

The investigation was conducted in two phases: the water extraction test and the thermal
stability test. The first phase aimed to explore the influence of water on the internal
chemical environment in composites. Water, being inevitable in the service environment
of insulators, can exist in gaseous, liquid and/or solid states. Due to its relatively small
molecule size, water can easily penetrate into many resin matrices used in GRP

insulators. The presence of water in composites may lead to the dissolution of water
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soluble compounds, thereby changing the internal chemical environment. The second
phase was devoted to the inspection of the thermal stability of composites. In insulator
service environments, electrical activities may generate heat in the insulator system,
which may in turn decompose the resin matrix in the composite rod and even promote

chemical reactions.

Furthermore, the extraction of water soluble compounds from the composite turnings
may lead to the pH change in the extract. To examine the influence of the extract,
particularly the alkaline extract, on glass fiber, an additional immersion test was
designed.

2.5.1 Samples and Materials

Test samples were obtained by chipping composite rods into small turnings. Two
composite systems were employed for the crack tip chemistry investigation. Made of E-
glass fibers and polyester resin, these composites only differed in the filler material used
in the resin: one containing alumina trihydrate, ana the other calcium carbonate. The
chemical composition of E-glass fiber was the same as given in Table 2.8. However,

the chemical formulation of the polyester resin was not available.
2.5.2 Extraction Tests

The extraction tests were conducted in a Soxhlet apparatus, following the standard
procedure. In the test, deionized water with a pH value ranging from 5.6 to 5.8 was
used as the initial solvent. To ensure test consistency, the sample weight and the water
volume used in each test were fixed at 17 g and 170 ml, respectively. During the test,
a small amount of the solution was periodically removed from the apparatus for the pH
measurement, which was performed at room temperature. The extraction test was finally

stopped when the solution reached a constant pH value.
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After the test, calcium and aluminum ion concentrations in the extracts were determined
by atomic absorption and colorimetric spectrophotometry. Both atomic absorption and
colorimetric spectrophotometers employed for the chemical analysis were the same as
those described in Section 2.4.4. The analysis was performed respectively on a filtered
precipitate and an unfiltered sample for each extract. The filtered precipitate sample was
prepared by collecting the precipitates suspended in the extract through a 0.2 um
polycarbonate membrane filter and acidifying them in 0.1N hydrochloric acid, while the
unfiltered sample was directly treated with 0.1N hydrochloric acid to dissolve the
precipitates in the sample, thereby obtaining the total ion concentration in the extract.

For purposes of clarity, the results from the exaction tests are presented separately, based

on the filler material used in the resins.

Composite with the alumina trihydrate filler

The change in the pH value relative to the extraction time for the extracts is shown in
Figure 2.66, in which two independent test results are included. Within the first 10
hours, the pH value of the solution tended to increase over time, reaching the maximum
value after approximately 10 hours. Further increasing the extraction time led to a rapid
reduction of pH. Eventually, the pH value stabilized at approximately 5.0 when the
extraction time exceeded 40 hours.

The chemical analysis of extracts indicated that not only aluminum but also calcium
species were extracted from the composite with alumina trihydrate filler (Figure 2.67).
It was also evident that the extracts contained much more calcium than aluminum species.
The comparison between the filtered precipitate and the unfiltered samples further
revealed that in the extracts most of aluminum species existed in the form of precipitates;

in contrast, calcium species were essentially water soluble.
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Figure 2.66 pH change of the extract obtained from the composite with the alumina
trihydrate filler.
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Figure 2.67 Calcium and aluminum concentrations in the extract of the composite
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Composite with the calcium carbonate filler

The change in the pH value of the extracts from the composite turnings was found to be
a function of the extraction time (Figure 2.68). After an initial increase, the pH value
stabilized around pH 10. Similar to those from the composite with the alumina trihydrate
filler, the extracts from the composite with the calcium carbonate filler also contained
both aluminum and calcium species, but at considerably higher concentrations (Figure
2.69). In the extracts, aluminum species existed in the precipitates, but most of the

calcium species were dissolved in the solution.

Additional SEM examination was conducted on the turnings before and after the
extraction test (Figure 2.70). Evidently, the extraction process did not cause any visible
damage to the glass fibers, but the resin around the fibers appeared seriously diminished.
This observation implies that the high concentrations of calcium and aluminum in the
extract might not be attributed largely to calcium and aluminum depletion from the glass
fibers but rather to that from the resin system or the sizing agent. This concept was
further supported by the fiber immersion test results, which are given iater in Section
2.5.4.

In summary, the results obtained from the extraction tests reveal that the composite itself
under the influence of water could reach an internal chemical stability in a relatively
short period of time, which may provide the composite a capability to accommodate the
external aqueous environment. The significantly higher calcium concentrations with
respect to aluminum concentrations observed in the extracts from composites with both
fillers further indicated that the internal chemical stability in a composite system was not
solely determined by the filler material, and that other factors, possibly organic or
inorganic additives in the resin, may also have great influences. For instance, the stable
pH value of about 5.0 obtained from the extraction of the composite with the alumina

trihydrate filler might result from the dissociation of some organic acids, which were
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Figure 2.68 pH changes of the extract obtained from the composite with the calcium

carbonate filler.
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Figure 2.69 Calcium and aluminum concentrations in the extract of the composite
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(b) After the test

Figure 2.70 Surface morphology of the composite turnings before and after the

extraction test.
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added to the resin during the resin formulation. It should be emphasized that calcium
and aluminum were not the only species in the extract, and given the chemical
complexity of the resin and fiber sizing formulations, a variety of other ions might also

exist.

2.5.3 Thermal Stability Test

The thermal stability test was performed only on the composite containing the alumina
trihydrate filler. In the test, the composite turnings were placed in a beaker, which was
covered with a watch glass and heated in a heat jacket set at 100°C. To monitor the
temperature during the test, a thermometer was inserted inside the composite turnings,
but far from the wall of the beaker. The deposit collected on the watch glass was

subsequently removed for chemical analysis.

The compounds in the deposit, which was derivitized with a dizomethane freshly distilled
from dimethyl ether, were identified by gas chromatography in a Finnigan 4021 gas

chromatograph mass spectrometer data system.

The thermal stability test revealed that E-glass fiber/polyester composite was thermally
unstable. A few hours after the test started, light brown crystalline deposits were formed
on the watch glass. During the test, the temperature of the composite turnings initially
stayed at 100°C for the first several days, then gradually increased, and finally reached
a constant value of 160°C. This phenomenon was probably caused by exothermic

chemical reactions within the composite system.

The reconstructed ion chromatogram obtained from the deposits is shown in Figure 2.71.
The major constituents identified are organic acids (Table 2.10), which either in a
mixture or independently could serve as solvent to enhance further the degradation of

composites.
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Table 2.10 Major constituents identified in the deposits

II Peak number - Constituents

| 722 benzoic acid
1347 phthalic acid '!
1458 isomeric benzenedicarboxylic acid
1592 erythrocentaurin

2.5.4 Immersion Test

In the immersion test, E-glass fibers, identical to those used in the extracted
composite turnings, were immersed for one month in the extract of pH 10, which was
obtained from the composite with the calcium carbonate filler. Fiber weight as well

as the fiber surface morphology were compared before and after the immersion test.

During the immersion test, no visible damage developed on the fiber surfaces (Figure
2.72), suggesting that the internal alkaline environment created by the interaction of the
composite with water may not corrosive enough to cause stress corrosion fracture of E-
glass fiber. Supporting evidence could be found from the fiber weight measurement
results from two independent tests (Table 2.11); a negligible difference existed in the
fiber weight before and after the test. The minor weight gain of the fibers may be due
to the deposition of the suspended precipitates in the extract onto the fiber surface
(Figure 2.72b).




Table 2.11 Fiber weight measurements

177

Weight before test, mg

Weight after test, mg

Weight gain, mg Il

H
ll

62.9

63.5

0.6

63.9

64.8

0.9
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(a) Before the test

(b) After the test

Figure 2.72 Fiber surface morphology before and after the immersion test.



CHAPTER 3
DISCUSSION

3.1 Brittle Fracture Mechanisms of GRP Insulators
3.1.1 Failure Mode

In dry-air conditions, the fracture morphology of GRP insulators primarily depends on
the end-fitting designs,*® because they control how external loads can be transferred to
the GRP rods. When a GRP insulator is subjected to a tension load, the free span of the
composite rod experiences a uniform tensile stress; however, the stress near or inside the
end fitting is complex in nature and non-uniformly distributed, with the highest stress
concentrated near the end-fitting edge (Figure 1.4). Therefore, dry-fracture of insulators
always starts on the external surface of the rod near the end-fitting edge, propagating
towards the inside of the rod. For the cone end ﬁtting,. which is a common end-fitting
design used in suspension GRP insulators, the stress concentration is estimated by a
factor of two.!” The typical fracture morphology associated with this design is dominated
by a 45° type fracture; rod fracture first runs approximately 45° to the rod axis, about
50% of its cross-section area, and then turns into longitudinal splitting.’>** Mier-Maza
et al,? who developed a general model for calculating stresses induced by the end fitting,
suggest that in the cone end fitting, shear stresses can approach 150 MPa, which is
sufficiently high to fracture the rod. On a microscale, the dry-fracture surface is

extremely irregular, with extensive fiber pull-out and longitudinal splitting.*

179
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The brittle fracture phenomenon of GRP insulators was first identified in the early
1980s.* The distinctive differences between dry fracture and brittle fracture exist in the
orientation and the roughness of fracture surfaces. Unlike dry fracture, the fracture
surface in brittle fracture always exists perpendicular to the rod axis and appears
microscopically smooth (Figure 2.8). These features indicate that brittle fracture is
dominated by tensile stresses, and more importantly, that other factors in addition to
mechanical loads must be involved in the fracture process. Furthermore, brittle fracture
is most likely to occur in the rod section between the high-voltage end and the first
weathershed, producing a multi-stepped morphology because of a uniform tension
distribution (Figures 2.5 and 2.6). Under certain circumstances, however, the fracture
surface can also develop inside the end fitting (Figure 2.4) or above the first
weathershed.* In this study, a spiral staircase morphology was observed on the fracture
surface generated inside the high-voltage end of insulator #6 (Figure 2.8b), suggesting

that some torsion stress was superimposed on the tensile stress inside the end fitting.

Suspension GRP insulators are given a maximum design rating of approximately 30% of
the tensile fracture load (with end-fittings), with a design life of 30 to 50 years.”” A
daily load applied to insulators commonly ranges from 12% to 24% of their load
capacities; for the 16-mm round rods, by which the failed insulators studied in this study
were constructed, the daily load approximates 1,362 kg (3,000 1b) to 2,724 kg (6,000 1b).
The occurrence of insulator fracture at such low service loads further suggests that the
brittle fracture is not caused exclusively by mechanical fracture but rather by

environmentally assisted processes.

In this study, all of the fracture surfaces examined in service-failed or -damaged
insulators appeared essentially planar and transverse to the rod axis (Figure 2.17). These
features were identical to those found on fracture surfaces generated by stress corrosion
of composites in acidic environments (Figure 2.40), signifying that stress corrosion likely

is the fracture mode of brittle fracture in GRP insulators. This conclusion is further
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confirmed by the observation of large mirror sizes on the fractured fiber ends (Figure

2.10), which is characteristic of stress corrosion of composites.

In general, stress corrosion of GRP composites virtually is a corrosion-assisted fiber
fracture process. It is well documented that E-glass fiber, the most commonly used
reinforcement in GRP composites, possesses excellent resistance to water and basic
solutions.*-67100  The fact that no crack was generated in a composite specimen
subjected to both tensile load and water attack for 3 months, which was observed in this
study, also favors the argument that GRP composites are not susceptible to stress
corrosion in water. It is most likely, therefore, that stress corrosion in acidic
environments is responsible for the brittle fracture of insulators. This rationale was
supported by the presence of calcium and aluminum depletion, direct evidence of fiber
acid leaching, found on the fracture surface of a service-failed insulator (Figures 2.25
and 2.26).

3.1.2 Electric Stress Influence

Electric stresses in service play a crucial role on the brittle fracture of GRP insulators,
based on two important facts derived from field experience: (1) brittle fracture always
occurs near the high-voltage ends of insulators,'”*%45 and (2) this fracture is not
common on low-voltage but rather on high-voltage transmission lines, particularly in
lines with a service voltage of 200 kV or above.* In general, stress corrosion fracture
results from the simultaneous actions of tensile stresses and corrosive environments. In
service, the distribution of mechanical stresses inside both high-voltage and ground ends
should resemble one another, given their same structural design. Additionally, external
service environments surrounding both high-voltage and ground end fittings are identical.
If only mechanical stresses and corrosive environments are involved, brittle fracture

should randomly occur in either end fitting. The predominance of brittle fracture in




182

the high-voltage end strongly argues for the involvement of electric stresses in the brittle

fracture process.

Further evidence of electric stress influence was obtained by the observation of melted
fibers (Figure 2.15) and resin decomposition (Figures 2.12 and 2.14) on the fracture
surfaces of service-failed insulators in this study. In normal stress corrosion conditions,
where only mechanical stresses and corrosive media are present, the fractured resin
surface should be co-planar with the surfaces of fractured fiber ends; however, on some
of the insulator fracture surfaces examined in this study, the fracture resin surface
appeared significantly depressed. This unusual resin deformation is likely induced by a
thermally activated process. Partially composed of organic materials, the thermal
\ stability of GRP composites generally is quite low. At temperatures around 100°C, some
organic compounds, primarily from the resin matrix and sizing, begin to decompose
(Figure 2.72 and Table 2.9). Additionally, high electric stresses in service may cause
a discharge in the gap between two crack surfaces in the composite rod or between the
rod surface and the rubber sheath. When the electric field inside the gap builds so fast
that the thermal conduction loss can be neglected, all of the heat generated will be
consumed by rising surface temperatures, resulting in local thermal instability.
Depending on the discharge intensity, the temperature caused by local heating can be
high enough to promote resin decomposition or even fiber melting. The fractographic
difference between brittle fracture of insulators and stress corrosion of composites,
particularly the depressed resin surface, confirms the involvement of electric stresses in

the brittle fracture of insulators.

In insulator applications, the length of an insulator varies with the service voltage. To
eliminate electrical flashover, the higher the service voltage, the longer the insulator has
to be. An increase in the insulator length will, however, lead to a non-uniform
distribution of voltage along the rod, with the highest electric stress existing near the
high-voltage end. In fact, this electric stress concentration is likely to localize in the
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region from the end-fitting edge up to the first weathershed,* where the brittle fracture
of insulators mostly occurs. According to the ladder network model established by
Chandler er al,* the electric stress concentration, expressed by the ratio of maximum to
average electric stress, is a function of the insulator length; a longer insulator will result
in a higher electric stress concentration. For a 3-meter long insulator used in a 400 kV
transmission network, the high-voltage end is expected to experience the maximum stress
of 3 times greater than average stress elsewhere along the rod, which may exceed the
ionization limit in air, thereby causing corona discharges near the high-voltage end.
When the service voltage is higher than 230 kV, therefore, a grading ring is usually
required at the high-voltage end to minimize the likelihood of corona discharge.
However, the effectiveness of the grading ring is highly dependent on the ring dimension
as well as its relative position to the end fitting. Although the attachment of the grading
ring can significantly reduce the intensity of electric stresses around the high-voltage end,
void-induced partial discharge is still possible because the reduced stress intensity may
exceed the inception voltage for partial discharge.?

In general, electric stress concentrated near the high-voltage end can assist the brittle
fracture of insulators in two ways: (1) oxidizing polymer resins to generate acidic
environments in situ, and (2) initiating the fracture by localized electrical damage to

insulator components.

Oxidation of polymer resins by partial discharges is well documented in the
literature.'**?  The detailed oxidation mechanism is described in Section 1.4.1.2.
Under the influence of partial discharge, polymer resin that is designed to protect glass
fiber from environmental attack may actually become a direct source for producing
internal corrosive media, represented by oxalic acid and other organic acids. This
mechanism provides a base for the self-initiated stress corrosion mechanism in insulator
applications. Recently, Braun!®® has conducted a series of numerical simulations of

electric field distributions in the high-voltage end region with longitudinal or transverse
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cracks embedded inside the composite rod, assuming the insulator is operated in a 345
kV network. His study revealed that the introduction of cracks into the rod can readily
intensify the electric stress at the crack front to the level above the partial-discharge
inception voltage, even given a situation in which the crack extends inside the high-
voltage end, where otherwise electric stresses should be absent. The intensification of
electric stress at the crack front becomes particularly severe if the transverse crack is
filled with air or the longitudinal crack is partially filled with contaminated water. Based
on the Braun’s study, it is reasonable to deduce that partial discharges move along the
crack front when a crack is present in the rod. In this case, therefore, the corrosive
byproducts induced by partial discharge are likely concentrated at the crack front and

continuously replenished as the crack advances.

Under the influence of high electric stresses near the high-voltage end, insulator
components, including weathersheds, rubber sheath, and composite rods, may suffer
significant electrical damage in the form of melting, erosion, or vaporization. This
damage can contribute to the initiation of brittle fracture in insulators. Field experience
reveals that in all cases of brittle fracture, evidence of electrical damage is always found
adjacent to the fracture initiation site.'*4° In insulator service, high electric stresses
can breakdown the weathershed (Figure 2.7) and/or the rubber sheath (Figure 2.1) by
electrical cutting or erosion, thereby exposing the composite rod to external moisture or
contaminants and promoting stress corrosion fracture.* Under certain circumstances,
further electrical damage to the composite rod is also possible.*** In this study, melted
fibers induced by electrical discharge was found on the fracture surface contiguous to the
external rod surface where the brittle fracture was initiated. Once the rod is exposed to
external environments, electrical damage then tends to progress into the rod and
eventually causes the rod to separate from the sheath with the assistance of moisture,
thereby making it possible to generate multi-stepped cracks internally along the rod
surface (Figures 2.5 and 2.6). Electric stresses evidently accelerate the crack initiation

in the brittle fracture of insulators. However, their influence on the crack propagation
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is still not clear. Recently, Akhtar et al '® studied the influence of an electric stress on
stress corrosion behavior of bare GRP rods and found that the likelihood of failure for
composite rods with and without introduced electric stresses are practically the same,
suggesting that superimposing electric stresses on mechanical and environmental stresses

may not further enhance crack propagation of the composite rod.

In this study, a special effort was made to investigate the influence of electric stresses
on the stress corrosion fracture of composites. Preliminary results obtained from the
high-voltage fracture experiments were encouraging. In fact, transverse cracks with
planar fracture morphology, similar to those observed in stress corrosion fractures, were
for the first time generated in an E-glass/polyester composite specimen subjected to both
an mechanical stress and corona discharge in the presence of water. Fractographic
examination further revealed that the fracture morphology produced in the high-voltage
fracture experiments closely resembled that observed in service-failed insulators,
particularly the morphology in the fracture initiation region where both melted fibers and
resin decomposition were present (Figures 2.50, 2.51, and 2.52). By comparing the
morphology of the fracture surfaces generated in service-failed insulators and in the stress
corrosion and high-voltage fracture of composites (Figure 3.1), it is clear that the brittle
fracture of insulators is not a simple but rather a complex stress corrosion process
controlled by the synergistic influences of mechanical, environmental, and electric
stresses. At present, the corrosive substances induced by corona discharge on the
composite remains unidentified. Although these substances are likely to be nitric acids,
as is suggested in the next section, further research is certainly needed to confirm this
speculation.

3.1.3 Service Environments

The brittle fracture of insulators is attributed to stress corrosion of the composite rod in

acidic environments. Previous investigations have suggested that acidic environment in
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insulator service may arise from two sources.”” One is acid rain, which contains
primarily sulfuric and nitric acids. On rare occasions, hydrochloric acid may be present.
The other source may be polymer oxidizing byproducts induced by internal partial
discharge, such as oxalic acid and other organic acids. Based on field experience, the
presence of brittle fracture is always found to be associated with polymer housing
damage, and hence acid rain or contaminated moisture attack to the composite rod is
possible. However, it is hard to believe that acid rain alone could be responsible for
brittle fracture of insulators because some of the incidents did occur in the areas where
rain was not contaminated, i.e., the acidity of rainwater was around pH 5.6, the
equilibrium value between natural rainwater and atmospheric carbon dioxide.'?
Therefore, electrical discharge-induced acids are more likely to be dominant in service
environments. To date, the formation of oxalic acid in epoxy and polyethylene resins
exposed to electrical discharge has been experimentally proven;**'?’ however, no
evidence has been found of oxalic acid formation in polyester or vinyl ester resin. In this
study, an attempt was made to determine the chemistry of the oxidizing byproducts
generated by electrical discharges in E-glass/polymer composite and pure polyester resin.
Although some of weak organic acids were identified, no oxalic acid was found in the

byproducts (Figures 2.46 and 2.47, or Tables 2.5 and 2.6).

In addition to acid rain and oxalic acid, another important source responsible for acidic
environments in insulator service, namely surface discharge-induced nitric acid, is
proposed in this study. The earliest discovery of surface discharge induced nitric acid
was made by Chandler et al in 1983.% Intended initially to confirm the formation of
internal discharge induced oxalic acid in epoxy resin, they exposed an artificial cavity
made of thin epoxy sheets to electrical discharges. After four-day exposure, however,
they not only found oxalic acid formed inside the cavity but also nitric acid produced on
the cavity external surfaces, where oxygen and nitrogen were abundant. In recent years,

internal discharge-induced oxalic acid has become a popular mechanism for producing
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acidic environments in insulator service,'”34¢% but unfortunately the phenomenon of

surface-discharge induced nitric acid appears to have been forgotten.

In service, electric stress distribution across the insulator surface in dry and unpolluted
environments resembles the internal stress distribution, with the highest stress located at
the high-voltage end. Due to the existence of weathersheds, however, the surface electric
stress is generally much lower than the internal electric stress. Therefore, surface
discharges are unlikely to take place on a dry insulator, except for the corona-induced
surface discharge near the high-voltage end. In wet and polluted environments, pollutant
deposition and wetting will leave a conductive layer on the insulator surface. Because
of the discontinuity of this layer, dry bands form when the electric current flow through
the layer. Consequently, the full voltage applied to the insulator will be concentrated on
these dry bands, and the related surface areas will be highly stressed. Under sucﬁ
circumstances, surface discharge is possible, and arcing across dry bands may occur as
well. In fact, dry band formation will cause not only high surface stress but also high
internal stress beneath the surface. Therefore, surface discharge is often accompanied
by internal discharge either in the rod or on the rod/sheath interface.

Surface discharge in an ambient atmosphere, on one hand, produces ions and activated
neutrals. On the other hand, it forms a water layer on any exposed polymer surface,
either by transporting water in air to the polymer surface, which becomes hydrophilic
under surface discharge, or by producing water from the polymer itself under
oxidation. > During the surface discharge process, discharge-activated species readily
react with and/or dissolve in the water. As a result, the water layer on the exposed
polymer surface will become acidic,'*!>7 containing significant amounts of NOx,
HNO,, and HNO,. Meanwhile, both the vapor pressure and the electrical conductivity
of the water will be increased.!* Further studies indicate that acidification of the water
is not dominated by ionized species, but rather by the activated neutrals, comprised of
excited particles, radicals, and atoms from dissociated molecules.!*® Additionally, the
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polarity of discharges may also influence the acidity of water. Goldman et al studied the
acidity of distilled water exposed to electrical discharge with both polarities and found
that water exposed to the negative discharge became more acidic than water exposed to
the positive discharge and could reach an acidity as high as pH 3, which is acidic enough
to promote stress corrosion fracture in E-glass polymer composite (Figures 2.38 and
2.39).

Driven by electric stresses, both surface and internal discharges can induce acidic
environments in insulator service. However, these two processes completely differ in
nature. Internal discharge in voids oxidizes polymers, producing organic acids;* while
surface discharge changes the chemistry of surface water layers, acidifying the water.!*
Therefore, acidic environments induced by the former are highly dependent on the
polymer involved, but those induced by the latter are unconstrained by the nature of
polymers. Since surface discharge can occur on any exposed polymer, the formation of
nitric acids will most likely occur in service environments, thereby being responsible for
brittle fracture of insulators. In service, surface discharge readily occurs either on the
external surfaces of an insulator, such as the surfaces of the weathersheds and rubber
sheath, or on the internal surfaces, like the surfaces of internal cracks in the rod and
between the rod and the rubber sheath, if the crack is exposed to external environments.
In this study, an appreciable amount of zinc as well as a small amount of iron was
detected on internal fracture surfaces (Figures 2.20, 2.21, and 2.22), suggesting that the
metal casting was corroded probably prior to insulator brittle fracture. This corrosion
might be associated with nitric acids produced by surface discharge on the rubber sheath
near the high-voltage end. '

Additional evidence that brittle fracture can be attributed to the nitric acid dominant
environments exists in the fractographic similarity between brittle fracture and stress
corrosion fracture of composites in nitric acid (Figures 2.16a and 2.41a). The most

important characteristic is that both fracture surfaces are free from post-failure damage.
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In general, stress corrosion fracture of composites in acids is often accompanied by post-
failure damage; the fracture surface featuring multi-cracks on the fractured fiber ends and
fiber/resin interface debonding. When the fracture surface that developed in stress
corrosion cracking is continuously exposed to acids, non-siliceous ions will be leached
out from the fractured fiber ends, eventually leading to the fiber shrinkage. This
shrinkage can reach up to as much as 30% by volume and therefore, is often
accompanied by fiber splitting, fiber/resin interface debonding, or a combination of
both.* Since the formation of post-failure damage is primarily a fiber corrosion

phenomenon, it is determined by the nature of acids.

As indicated earlier, acidic environments in insulator service may contain oxalic, nitric,
sulfuric, and hydrochlqric acids, which may arise from acid rain, internal discharge, or
surface discharge. To evaluate the tendency of composites to develop post-failure
damage in each of the above acids, the acid corrosion behavior of E-glass fiber,
particularly its surface deterioration behavior, was investigated in this study. The results
indicated that fibers immersed in both oxalic and sulfuric acids showed severe surface
cracking, while to the contrary, fibers tested in nitric and hydrochloric acids appeared
free from any visible surface damage. These behavior suggests that oxalic and sulfuric
acids have a greater tendency to promote post-failure damage on the fracture surface of
E-glass fiber reinforced composites. Therefore, they are unlikely to dominate acidic
environments in service because of the absence of post-failure damage on all of the
fracture surfaces in the field-failed or -damaged insulators examined in this study.
Between the two acids left, nitric acid is believed to be the major component in service
environments, given that hydrochloric acid is rarely present in acid rain. This perception
is further supported by the fact that no post-failure damage developed on the fracture
surface exposed to a pH 3 nitric acid solution for over one month. It should be noted
that nitric-acid dominant environments in insulator service can be further complicated in
chemistry by the contamination of sulfuric acid if acid rain is present, or oxalic acid if

internal discharge in epoxy resin is involved.
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3.1.4 Fracture Model

The brittle fracture of insulators is a complex stress corrosion process controlled by the
combined influence of mechanical, environmental, electric stresses, which can be
outlined in Figure 3.2. In this study, a generic fracture model is established on the basis
of surface discharge-induced nitric acids together with external moisture or acid rain
(Figure 3.3).

In an insulator structure, the high-voltage end is most vulnerable to stress corrosion
fracture because maximum mechanical, environmental, and electric stresses are likely to
be located in its vicinity. In fact, insulator failure analysis conducted in this study and
previous investigations have both revealed that brittle fracture always occurs near the
high-voltage end of insulators, or more preéisely, in the region from the epoxy/sheath
interface inside the high-voltage end up to the first weathershed (Figures 2.4, 2.5, and
2.6). In general, external acidic environments come in contact with the composite rod
of insulators by three means: (1) epoxy/sheath interface debonding inside the high-voltage
end,'*>%? (2) circumferential cracking in the epoxy potting material near the rubber/epoxy
interface,'® and (3) electrical breakdown of the rubber sheath and weathersheds.*4

Based on the end-fitting design specific to the insulators investigated in this study (Figure
1.4), the high-voltage end consists of the composite rod, epoxy potting material, rubber
sheath, and metal casting. Among the first three materials, an interface is formed
between each of the two: the rod/epoxy, the rod/sheath, and the epoxy/sheath interface,
all of which are mechanically weak links in the insulator structure. The relative strength
of the interfaces primarily depends on the mechanical properties of the two materials with
which they are interfaced, the bonding material used in between the two materials, and
the interface geometry. Due to substantial differences in mechanical properties of the
materials and the interface geometry, the epoxy/sheath interface appears to be the
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mechanically weakest joint. When the applied mechanical stress on an insulator reaches
a certain level, which may be much lower than the dry-strength of the composite rod, the
epoxy/sheath interface may fail first (Figure 2.4). This failure can be enhanced if high
temperatures induced by electrical discharge are present near the high-voltage end. Since
a gap, based on the cone end-fitting design, exists between the rubber sheath and the
metal casting (Figure 2.2), the epoxy/sheath interface debonding will then create an
initial access for external acidic media to the interior composite rod. In addition to the
epoxy/sheath interface debonding, circumferential cracking in the epoxy potting material
(Figure 2.4) is commonly associated with the brittle fracture of insulators.’** This
cracking is always localized adjacent to the epoxy/sheath interface and often results in
small crushing zones, short circumferential cracks paralleling with one another. Through
the circumferential cracks in the epoxy the composite rod is exposed to external acidic
environments. At present, the formation of the circumferential cracks in the epoxy
material cannot fully be explained. Since these cracks are also found in the ground end
of insulators, their formation is likely driven by mechanical stresses only. Epoxies are
brittle materials'*® and thereby susceptible to impact fracture. During insulator proof
loading tests or installation, the epoxy wedge may be pulled up against the metal casting
instantly (Figures 1.4 and 2.2), i.e., subjected to a high impact stress, thus creating
circumferential cracks or crushing zones in the epoxy material. Moreover, electrical
breakdown of the rubber sheath and weathersheds can also expose the composite rod to

external acidic environments. The formation of this damage is discussed in Section

3.1.2.

When external acidic environments come in contact with the composite rod inside the
high-voltage end, two processes may occur simultaneously: (1) acid attacks the glass
fibers in the composite rod, initiating stress corrosion fracture, and (2) solvent,
particularly water, attacks the composite rod first, causing the longitudinal delamination
in the rod near the rod/sheath interface by fiber/resin interface debonding, and then the

delamination channels external acidic media into the interior of the composite rod.
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Although stress corrosion fracture may develop from the rod surface being directly
exposed to external acidic environments inside the high-voltage end, such as in the region
of the epoxy/sheath interface debonding or the circumferential cracks in the epoxy
material, on more occasions, the fracture is initiated internally on the rod surface outside
the high-voltage end, where the rod is separated from the rubber sheath and experiences
much higher electric stresses (Figures 2.5 and 2.6).

It is well known that a pultruded composite rod exhibits high axial tensile strength.
However, its transverse tensile strength and shear strength are relatively low and will
decrease with an increase in the fiber volume fraction. Further reduction in these
strengths can result from water attack to composite components, primarily the resin
matrix and the fiber/resin interface. Water absorption can cause swelling of the resin and
degrade the sizing agent within the fiber/resin interfacial zone 0MS13+137 1 g
unidirectional lamina, resin swelling in the axial direction will be severely restricted by
the fiber, whereas extensive swelling occurs in the transverse direction, generating
internal stresses in the fiber/resin interface.''® This effect appears insignificant at room
temperature due to a low absorption rate but may eventually become detrimental to the
mechanical properties of composites at high temperatures.'®® In fact, the internal stresses
induced by the resin swelling, on their own, are sufficient to promote the fiber/resin
interface debonding at temperatures even below 60°C. This temperature range is feasible
in insulator service when electrical discharge is involved. Because of water attack,
longitudinal delamination caused by the fiber/resin debonding always occurs near the rod
surface, leading to a separation of the rod and rubber sheath. The delamination starts
from either circumferential cracks in the epoxy potting material or from epoxy/sheath
interface debonding and extends up to the outside of the high-voltage end along the same
cylindrical fracture plane. In this case, external acidic environments can be transported
through the longitudinal delamination by capillary effect to the area outside the high-
voltage end, and meanwhile electrical discharge is also possible at the tip of the

delamination.’® Because the tensile stress outside the high-voltage end is uniformly
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distributed, several stress corrosion cracks can be simultaneously generated along the rod
surface and may propagate perpendicular to the fiber direction, thereby creating the
stepped fracture morphology (Figures 2.5 and 2.6).

Furthermore, longitudinal delamination in the rod can be induced by the stress relief
mechanism. The initiation of a stress corrosion crack causes stress concentration at the
crack tip, which will be intensified as the crack grows.52%.” When the transverse crack
propagates to the point where the stress exceeds the fiber/resin interface strength,
longitudinal delamination will develop at the crack tip to release the stress. If the stress
corrosion crack is initiated inside the high-voltage end, the longitudinal delamination can
only propagates in the direction away from the high-voltage end (Figure 2.4) because the
stress field in the opposite direction is compressive in nature. If the stress corrosion
crack is generated outside the high-voltage end, however, the tensile stress field exists
on the both sides of the crack, and thereby the longitudinal delamination readily
propagates in either direction.

The final fracture of insulators results from the reduction of an unfractured rod cross-
section. When the tensile stress in the unfractured rod cross-section, which becomes
smaller as stress corrosion cracks propagate, reaches the ultimate tensile strength of the
composite rod, the rod will fracture in a purely mechanical fashion, leaving broom-like

fracture morphology.

3.2 Acid Corrosion of E-Glass Fiber

3.2.1 Ion Depletion Behavior

In a glass-acid system, the silica network in the glass‘is generally stable.!?1%  Acid

corrosion of the glass is essentially attributed to preferential leaching of non-siliceous

oxides. The leachability of different glasses in acids can be evaluated by the Si/O ratio
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formula proposed by Huggins et al:'>!

8i0, /100
sijo = (3.1)
mol{Si0,}¥ [ (M,0,/100) (0,/mol{M 0O,}]

where M0, refers to the weight percentage of oxides, mol{M,_0,} is the mole weight
of oxides, and O, equals to the number of oxygens in the oxide. A smaller Si/O ratio
in the glass means more non-bridging oxygen ions, resulting in a lower stability of the
silica network and thus a higher leachability of non-siliceous ions in acids. In E-glass,
the amount of non-siliceous oxides is about 45% by weight. Such a high content of non-
siliceous oxides leads to its relatively lower Si/O ratio (0.31) in comparison to those of
other commonly used glasses, such as A-glass(0.41), C-glass(0.36), and S-glass(0.34).'%
Therefore, E-glass is highly susceptible to acid attack.

Non-siliceous oxides in E-glass include calcium, aluminum, boron, magnesium, and other
minor oxides. Since calcium and aluminum oxides alone make up about 35% by weight
of the glass (Table 1.1), leaching of these metal ions is considered to be the major cause
of acid corrosion of E-glass fiber. Acid leaching of glass is an ion-exchange process
controlled by diffusion. Specific ion-exchange reactions for the calcium and aluminum

depletion in acids can be expressed respectively by

ca?t + 2H* <2 2H* + ca’t (3.2)

and

Al** + 3H* & 3H' + Al%+, (3.3)

where the ions denoted by the bar are in the glass phase, and the other ions exist in the

acid solution. Based on the ion-exchange mechanism,"? the tendency toward ion
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depletion is highly dependent on the characters of the ion, particularly its bonding energy

in the glass, valence state, hydrated volume, and the concentration and nature of the acid.

In a glass structure, calcium oxide, designated a network modifier, disrupts the continuity
of the silica network; each divalent calcium cation produces two non-bridging oxygen
ions.!® Because it occurs as an interstitial in the glass, the calcium ion can diffuse
readily through the silica network and exchange with hydrogen ions when the glass is
exposed to an acid. Classified as an intermediate, aluminum oxide can either occupy the
holes in between the SiO, tetrahedra or join the silica network provided enough alkali
cations are available to neutralize the negative charge of the tetrahedral aluminum ion.!$
If the molar ratio R,0/AL, O, is greater than 1, where R refers to alkali ions such as
sodium ions, aluminum exhibits a fourfold coordination and acts. as a network
former.'®!** Under such circumstances, the aluminum ion will be leached out along with

the sodium ion in acid corrosion of glass. This leaching sequence can be described by

the equation:*
>si si< >si - OH|
[ o . .o o f
0 al o |wNa" + 4B* == 2| O + Al> + Na' (3.4)
I o © o L |
>si Si:J >Si - OH

The presence of aluminum ions in the network will improve the chemical durability of
the glass. However, if the molar ratio is smaller than 1, aluminum will pass into a
sixfold coordination and act as a network modifier like the calcium ion.'®! Given this
ratio concept, aluminum in E-glass is unlikely to join the silica network but likely to
remain as an interstitial ion in the silica network, since E-glass has a low alkali oxide

content. In acid corrosion, the aluminum ion theoretically is more difficult to remove
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from the glass because of its higher valence and smaller hydrated volume relative to
the calcium ion, even if both calcium and aluminum ions in E-glass reside in between

the silica network.

In this study, similar leachability of the calcium and aluminum ions was observed in the
acid immersion experiments of E-glass fiber exposed to both hydrochloric and nitric acids
(Figures 2.55 and 2.56), although the calcium content of the glass is much higher than
the aluminum content. One reasonable explanation for this result is that the distribution
of calcium and aluminum may be non-uniform along the radial direction of a glass fiber;
the surface of E-glass fiber is rich in aluminum ions at the expense of calcium jons.'®
The segregation of aluminum ions to the fiber surface can facilitate the aluminum ion
depletion in acids, thereby increasing the leachability of the aluminum ion. Currently,
the aluminum segregation phenomenon is not well understood. Eakins,'” who studied
the reactivity of various glass fiber surfaces, proposed that aluminum segregation results
from its smaller atomic volume and lower electronegativity in comparison with the other
ions in glasses. However, the finding of the calcium-rich surface in the magnesium-free
E-glass fiber' further suggests that chemical segregation is a complex process in which

ion interaction may play an important role.

The ion depletion of glass in acids generally can be characterized either by acid-strength-
controlled leaching, in which hydrogen ion concentration is the driving force, or by
anion-controlled leaching, in which the anion in the acid that can form insoluble salts
and/or complex ions with the metal cations depleted from the glass is the determining
factor. In this study, much higher calcium and aluminum depletion was found in oxalic
and sulfuric acids than in hydrochloric and nitric acids at the same hydrogen ion
concentrations (Figures 2.54 and 2.55). This evidence suggests that different leaching

mechanisms were operative.
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In hydrochloric and nitric acids, the anions associated with the acids, CI" and NO;, have
a negligible effect on the depletion behavior of calcium and aluminum ions because the
anions form neither insoluble salts nor complex ions with these metal cations. Therefore,
the calcium and aluminum depletion in these two acids should be determined only by the
hydrogen ion concentration. In fact, depletion rates of calcium and aluminum ions in
hydrochloric acid were found to be almost identical to those in nitric acid for each given
pH value (Figures 2.55 and 2.56). This result indicated that the ion depletion in both
hydrochloric and nitric acids was governed by the acid-strength-controlled leaching.
Furthermore, it should be mentioned that the chlorate anion in hydrochloric acid may
form a complex ion (F.Cl,") with the ferric ion depleted from glass.”® Because of a small
quantity of iron oxide in E-glass, however, this mechanism has little influence on the

leaching behavior of E-glass fiber in hydrochloric acid.
Unlike hydrochloric and nitric acids, the anion in oxalic acid, C,0,%, can form both an
insoluble salt with the calcium ion and stable complex ions with the aluminum ion. For
the formation of the insoluble salt, the reaction can be expressed by
ca’* + 0 & CcaCo, {. 3.5)

The solubility product (K,;) of calcium oxalate is 2.34 X 10°. The oxalate anion can
also form several complex ions with the aluminum ion,'’ two of which are dominant.
The formation of these complex ions can be represented by the reactions:

AL** + C07 & [AL(CO,)]7, (3.6)

and

Al** + 2C,07 & [Al(C0,).] - 3.7
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The equilibrium constants for these two reactions are 10%! and 10*%, respectively.
According to the ion-exchange reactions 3.2 and 3.3, the formation of the above
insoluble salt and complex ions in oxalic acid will effectively remove both calcium and
aluminum ions from the right side of the reactions, thereby accelerating the ion depletion,
i.e., the fiber corrosion. Comparing the ion depletion behavior in oxalic acid with that
in both hydrochloric and nitric acids (Figures 2.55 and 2.56), it is evident that the anion
influence on the ion depletion in oxalic acid was much more significant than the acid
concentration, which suggests that the ion depletion in oxalic acid is governed by the

mechanism of the anion-controlled leaching.

Based on the same concept, the depletion of calcium ions in sulfuric acid is also ruled
by the anion-controlled leaching because the sulfate anion, SO,>, can form an insoluble

salt with the calcium ion by
ca’ + so,y & caso, !. (3.8)

The solubility product of calcium sulfate is 7.10 X 105, Since this value is lower than
that of calcium oxalate, the leachability of calcium ions is expected to be higher in oxalic
acid than in sulfuric acid (Figure 2.55). As for the aluminum ion depletion, its leaching
behavior in sulfuric acid should be similar to that observed in hydrochloric and nitric
acids, which is controlled by acid concentration, given that the sulfate anion in sulfuric
acid can form neither insoluble salts nor complex ions with the aluminum ion.
Surprisingly, relatively higher leachability of aluminum ions in sulfuric acid was evident
in this study (Figure 2.56). The mechanism of this phenomenon is not clear at present.
One speculation is that the calcium and aluminum depletion may not be two independent
processes. The high calcium depletion in the sulfuric acid may reduce the stability of the
glass structure, thereby facilitating the aluminum depletion. Recently, Jones and Rock
observed similar corrosion effects of 0.5 NaHSO, (pH 2.2) and 0.5M H,SO, (pH 0.21)

on E-glass fiber and proposed that fiber corrosion in sulfuric acid may not obey the
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simple ion-exchange reactions between the hydrogen ion in the acid and the metal cations
in the glass.” In reality, the dissociation of sulfuric acid in an aqueous solution follows
two steps: the first step,

H,SO, + H,0 & HSO, + H;0*, (3.9)

and the second step,

HSO, + H,0 & H,0* + S0.%. (3.10)

The equilibrium constant of Equation 3.9 is much larger than that of Equation 3.10. The
existence of the bisulfate ion, HSO,, in aqueous sulfuric acid may also affect fiber
corrosion by weakening the Si-O bonding because this ion is composed of both electron

and proton donor sites, %%

3.2.2 Fracture Mechanism

Spontaneous surface cracking is a well-known phenomenon in acid corrosion of E-glass
fiber, 92118120142 Typical fracture morphologies include axial, spiral (or helical), and
radial cracks (Figures 2.57, 2.58, 2.59 and 2.61). At present, the formation mechanisms
of these cracks is still unclear. Under acid attack, non-siliceous ions will be leached out
continuously from the fiber surface to its interior. This leaching process gradually
produces an outer depleted sheath and an inner intact core (Figure 1.10). The
replacement of non-siliceous ions by hydrogen ions in the depleted sheath will cause a
reduction of molar volume, leading to the shrinkage of the sheath. Because the shrinkage
is restrained by the intact inner core, surface tensile stresses will be generated. This
stress, increasing with the growth of the depleted sheath, can be high enough to fracture
the fiber surface. The above concept was initially proposed by Metcalfe ez al*? and later

became well accepted by other investigators.’®® Obviously, Metcalfe’s model gives a




203

reasonable explanation to the formation of surface spiral cracks. For the formation of
surface axial cracks, however, the model may be inadequate because in this case the hoop
stress, rather than the tensile stress, should be responsible. Another concern with this
model is that it does not consider the residual stresses induced in the fiber surface during
fabrication, which may contribute substantially to the formation of surface cracks in acid
corrosion. In this study, the ion-depletion-depth theory is proposed to correlate the

surface crack morphology with the acid leaching process.

The surface crack morphology of acid-corroded fibers is directly dependent on the
internal stress state in the fiber surface, which is determined by the balance of two
different stresses: (1) the residual stress introduced during fiber fabrication and (2) the

shrinkage stress caused by the corrosion-induced volume mismatch between the fiber

surface and core.

Glass fiber is a frozen-in, thermodynamically unstable system.' Unlike isotropic bulk
glass, glass fiber exhibits structural anisotropy, the extent of which is controlled by the
thermal and mechanical prehistories of fiber fabrication, particularly the cooling rate and
the drawing stress or speed.'?®® During processing, the cooling rate can rise to 10°
°K/s.!%® Such a high cooling rate causes severely non-uniform distribution of temperature
across a fiber, with the lowest temperature at the fiber surface and the highest in the fiber
center. Conversely, the temperature-dependent viscosity of melted glass becomes higher
towards the fiber surface. Under the influence of this viscosity profile, together with the
applied drawing stress, a considerable thermal-stress gradient is set up, and the glass
layers in a fiber are displaced at different viscosities in the radial direction (Figure 3.4),
with higher stresses and velocities being concentrated near the fiber surface. As aresult,
the glass structure becomes more open, less dense, or even more axially oriented towards
the fiber surface, and meanwhile extensive axial strain induced by the drawing stress,
along with some radial strain induced by the thermal gradient, will be frozen in the fiber

surface, thereby causing the fiber to lose its isotropic character.'”*10 Tt should be
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noted that in general the structure-changed surface layer in a fiber does not completely
coincide with the residual stress-loaded surface layer.'® The extent of both layers is
highly dependent on the mechanical prehistory. A faster drawing speed leads to a larger

structure-changed surface layer but a smaller residual stress-loaded surface layer.

The anisotropy of the structure and deformation in a glass fiber, particularly the surface
structure and residual stress state, has a significant influence on the acid corrosion
behavior of the fiber. Because of the more open structure near the fiber surface, acid
leaching in the surface layer is proven to be much faster than in the core.'”'?® During
a leaching process, the ion exchange of non-siliceous ions in glass with hydrogen ions
in acid will simultaneously introduce two changes to the fiber surface. First, acid
leaching will cause structural change in glass. The depletion of non-siliceous ions
produces a silica-rich layer near the fiber surface and therefore causes a change in the
reflective index of the material, resulting in a visual lumen formation,'?®!® j.e., the
development of the core-sheath structure described in Figure 1.10. Under certain
circumstances, this core-sheath structure can also be identified on the fiber cross-section
in SEM observation.®''” Since the change of fiber radius is negligible in acid
leaching,!!” the sheath size grows when the leaching progresses.!””'* Second, acid
leaching will induce a shrinkage stress to the fiber surface. Since this stress is caused
by the volume mismatch between the surface layer and the core, it is three-dimensional

in nature, containing the axial, hoop, and radial portions.

The surface cracking of glass fiber in acids is a stress-activated process, primarily driven
by the residual and the shrinkage stresses. Therefore, the fracture criterion can be

simplified by the expression:

o, + o0, = 0y, 3.11)

where 0, and 0 refer to the residual stress and the shrinkage stress, respectively, and 0,
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represents the fracture strength of the depleted sheath, which should be significantly
lower than the fracture strength of the glass fiber based on the fact that the severe
strength reduction was observed on the acid-treated fibers.?>1®

As discussed earlier, residual stresses caused by fiber fabrication are characterized by
axial stress but also has a radial portion. They are concentrated in a thin surface layer,
the thickness of which is highly dependent on drawing stress as well as fiber diameter.
For the fiber of 12 um in diameter, used in this study, the surface layer loaded with
residual stresses is likely to be lower than 0.6 um if the drawing speed is higher than 21
m/s based on the research conducted by Schmimann et al.'® The shrinkage stresses are
three-dimensional in nature. Unlike the residual stresses, these stresses are leaching-
dependent; they increase as the leaching process proceeds. If the nature of the stresses

is considered, the surface cracking actually is determined by three competing fracture

criteria:
O + Opa = Opy, (3.12)
Osh = O s (3.13)
and
O, + 0., = 0O, - (3.14)

In the above three expressions, the subscripts a, h, and r stand for the axial, hoop, and
radial direction in a fiber. When the ion-depletion depth is relatively small, the overall
stress in the sheath is axial by nature. In this case, the surface cracking is decided by
the fracture criterion in Expression 3.12. Once a crack starts at a certain point on the
fiber surface, it tends to turn around the fiber with small pitch angles to attenuate the
internal axial stress, the surface crack exhibiting a spiral morphology (Figures 2.59 and

2.61). When the ion-depletion depth is sufficiently larger, however, hoop stress becomes




207

dominant. The fracture criterion in Expression 3.13 will be favorable, and thereby axial
cracks are preferentially developed on the fiber surfaces (Figure 2.57). Based on this
concept, it is reasonable to assume that at a particular ion-depletion depth the fracture
criteria in Expressions 3.12 and 3.13 are compatible, leading to the mixed morphology
of spiral and axial cracks.* Obviously, this transition depth will vary with the thickness
of the surface layer affected by residual stresses; the thicker the stress-loaded layer, the
larger the transition depth will be. This ion-depletion-depth theory is further supported
by the evidence of a much greater crack penetration depth of axial cracks when compared
to spiral cracks (Figures 2.65). The formation of radial cracks can be associated with
the formation of either axial (Figures 2.58 and 2.65a) or spiral cracks,”>"*® depending on
the thermal prehistory in the fiber fabrication. According to Expression 3.14, the higher
the radial strain is introduced by the thermal prehistory, the less the radial shrinkage

stress, i.e., the shorter the ion-depletion depth, is required to generate the radial crack.

The ion-depletion-depth theory, however, is seriously challenged by the argument that
it is impossible to obtain solely axial cracks without the presence of spiral cracks given
that the ion-depletion depth increases continuously during acid leaching. This dilemma
can be resolved by an important experimental finding made by Bledzki er al.'*> They
confirmed that the surface crack could not form in the acid leaching process, i.e., in the
wet environment, until the water in the corroded fiber was completely evaporated. This
phenomenon may be caused by the reduction of the shrinkage stress in the wet
environment. In acid leaching, the micro-pores produced by the ion exchange in the
fiber surface will be filled with water so that the tendency toward volume shrinkage, or
related shrinkage stresses, will become much smaller than it otherwise would be. As a
result, overall internal stresses are not sufficiently high to promote surface cracks.
During the drying process, the water in the micro-pores will be replaced by air. Since
the compressibility of air is much higher than that of water, the shrinkage stress will

gradually increase, finally exceeding the critical stress for fiber surface cracking.
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3.3 Crack Tip Chemistry

Stress corrosion fracture of materials involves localized corrosion that is confined to the
tip of a progressively propagated crack. Depending on the crack tip system, the crack
tip chemistry can be significantly different from the global environment to which
materials are exposed.!®"'? In stress corrosion of GRP composites in acids, the crack
tip system is extremely complex due to both the heterogeneity of composites and the
interaction between selective composite components and acidic environments (Figure
3.5), leading to a less acidic, neutral, or sometimes even basic crack tip environment.
GRP composites consist of three basic elements: glass fiber, resin matrix, and fiber/resin
interface sizing. Glass fiber is silica based with additions of various non-siliceous
oxides. Sizing generally contains both inorganic and organic groups to achieve the
coupling between fiber and resin. Compared with glass fiber and sizing, resin possesses
a much more complicated chemical composition. Formulated by a base polymer, a filler
material, and a variety of additives, a resin actually is a mixture of assorted functional
organic or inorganic compounds. Crack tip chemistry is not only dependent on the
chemical compositions of each component in composites but also on global acidic
environments, particularly their nature and concentration as well as environmental
temperatures, and more importantly, on selective chemical attack of acidic environments

on different constituents in composites.

3.3.1 Acid Leaching of Glass Fiber

In acid stress corrosion, the crack tip chemistry in a composite is dominated by acid
leaching of glass fiber, which is achieved by ion-exchange reactions between non-
siliceous ions in glass and hydrogen ions in acids. Because the dissolution of non-
siliceous ions consumes the hydrogen ions and because depleted non-siliceous ions,
mostly metal ions in E-glass, diffuse into the solution adjacent to the fiber, the pH value

of the solution at the crack tip will increase, thereby causing the crack tip solution to
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become less acidic (Figure 3.6). A similar phenomenon was also observed by Sedriks
et al in the study on stress corrosion cracking of aluminum alloys exposed to acidic
environments.!®? Their study further confirmed that crack tip chemistry would reach an
equilibrium state in a short time, forming a steady pH region at the crack tip; for
instance, in an aluminum alloy exposed to a bulk solution of pH 0, the crack tip solution
could stabilize at approximate pH 3.5.

Based on this concept, at a certain bulk concentration, defined as a critical acid
concentration, it is possible that the crack tip solution will be neutralized as a result of
initial acid leaching. Under such circumstances, the crack can not propagate. This
behavior was actually observed in this study during stress corrosion experiments
conducted on E-glass fiber/polyester composite in both oxalic and nitric acids (Figures
3.35 and 2.38). The critical acid concentration appeared to be approximately pH 4.5 for
oxalic acid and pH 3.5 for nitric acid, which is in accordance with the value proposed
by Akhtar et al based on their stress corrosion study of E-glass/polyester and E-
glass/epoxy composite rods exposed to nitric acid.'” The existence of the critical acid
concentration further implies that the crack tip chemistry is not only affected by the acid
concentration of the bulk solution but also by the nature of the acid itself. As discussed
in Section 3.2.1, nitric acid corrosion is dominated by the acid-strength leaching
mechanism, while oxalic acid corrosion is dominated by the anion-controlled leaching
mechanism. Because of the involvement of oxalate anions in acid leaching, the crack tip
chemistry becomes more complex, and meanwhile the capacity of the crack tip solution
to neutralize the acid may be reduced, resulting in a higher critical concentration of
oxalic acid. Therefore, the composite exhibited a greater susceptibility to stress
corrosion cracking in oxalic acid than in nitric acid, which was consistent with the acid

corrosion result obtained from this study (Figure 2.34).

The influence of anions that can form insoluble salts or complex ions on stress corrosion

behavior of composites, similar to that on acid corrosion behavior of glass fibers,
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actually is twofold: acceleration and passivation. The formation of insoluble salts or
complex ions, on one hand, can also accelerate stress corrosion by increasing ion
depletion rate from glass and thereby shortening the crack initiation stage but on the
other hand, can inhibit stress corrosion by producing a surface film on the fiber, which
functions as a barrier to ion diffusion. Whether the acceleration or passivation
mechanism is dominant depends on both the nature and concentration of the acids
involved. For a given acid, a lower acid concentration generally is favorable to the
acceleration mechanism; however, a higher concentration is beneficial to the passivation
mechanism, thus resulting in a critical acid concentration between two regions in which
different mechanisms are dominated. This concept was supported by the results obtained
from stress corrosion experiments in oxalic acid. The critical concentration for oxalic
acid happened to be around pH 1. During the experiments, the crack growth rate
accelerated with increasing the acid concentration from pH 6 to pH 2; however, the crack
stopped growing when the acid concentration increased to pH 1. It was likely that the
passivation mechanism was operating at this acid concentration by forming mixed
precipitates of insoluble calcium oxalate and complex aluminum oxalate ions on the fiber
surface at the crack tip, which acted as a barrier to further ion exchange, and thus

suppressed the crack propagation.
3.3.2 Dissolution of Composites in Aqueous Solutions

Dissolution of each component in composites, particularly resins and sizing, in aqueous
solutions may affect the crack tip chemistry during stress corrosion of composites in
acidic environments. Relative to the influence caused by acid leaching of glass fibers,
the influence of this dissolution on the crack tip chemistry is trivial at room temperature
because of low solubilities of water-soluble compounds and low dissolution rates, but it
becomes increasingly important with an increase in temperature. Water by nature is a
good solvent for ionic compounds and can react with many oxides. When composites

are exposed to water, or aqueous acid solutions, the water-soluble compounds in the
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composites will be removed. The dissolution of these compounds and their further
reactions with the solution may lead to a change in the solution chemistry. Depending
on the nature of solutions and the constituents of composites, particularly the solubility
of water-soluble compounds, the solution can become more acidic or more basic. In this
study, water extraction experiments revealed that for the E-glass/polyester composite with
aluminum trihydrate filler, the extract stabilized approi(imately at pH 5, while for the
composite with calcium carbonate filler, however, the stable pH of the extract reached
as high as 10. This result suggests that the E-glass/polyester composite with calcium
carbonate filler may have a greater capability to neutralize diluted acid solutions at the
crack tip during stress corrosion and thus less susceptibility to stress corrosion in

comparison with the composite with aluminum trihydrate filler.

It should be noted that the pH value of the composite extract may not be solely attributed
to the dissolution of the filler material in the resin. The water extraction experiments
conducted in this study revealed that both aluminum and calcium ions were present in the
extract either from the composites with aluminum trihydrate filler or from the composite
with calcium carbonate filler (Figures 2.67 and 2.69), indicating that water-soluble
compounds from sources other than the filler material were also involved in the
extraction process. The fact that the calcium ion concentration in both of the extracts
appeared to be much higher than the aluminum concentration further suggested that the
filler in the resin might not be the major source of the extracted calcium and aluminum
ions. The dissolution of other water-soluble compounds in the composite, likely additives
in the resin, might also be responsible for calcium and aluminum concentrations in the
extracts. Moreover, under solvent attack, base polymers in resins might undergo
hydrolysis, which was probably acid or base catalyzed, or oxidation,'® and at elevated
temperatures leaching of low molecular weight compounds in resins was also possible.
Given the complexity of resin formulation, other ions in addition to calcium and
aluminum ions were also likely to be present in the extract, modifying the chemistry in

the solution.
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The chemical durability of glass fiber in water is highly dependent on the composition
of glass, particularly the content of alkali oxides in glass, such as sodium and potassium
oxide. The higher the content of alkali oxides in glass, the higher the susceptibility of
glass to water attack. Since E-glass contains a minute amount of alkali oxides (Table
2.8), dissolution of the E-glass constituents in water is unlikely to occur. Additionally,

E-glass exhibits excellent resistance to basic solutions,!%!

which was confirmed by the
immersion test of E-glass fibers in the pH 10 extract obtained from the composite with
calcium carbonate filler (Figure 2.72 and Table 2.10). Therefore, the influence of E-
glass fiber on the crack tip chemistry in stress corrosion is primarily attributed to acid

leaching.
3.3.3 Thermal Effects

In insulator service, localized heating caused by electrical discharges may lead to
chemical degradation of composites. When exposed to elevated temperatures, a
composite, particularly the resin matrix and sizing both made of organic constituents,
may become unstable by losing volatile compounds (Figure 2.71 and Table 2.10). The
chemical composition of decomposed compounds are likely to change with resin polymer
and temperature; in the temperature range from 100 to 160°C, the thermally decomposed
byproducts from E-glass fiber/polyester composite were dominated by weak organic
acids. These acids, either by themselves or by reacting with other ionic species leached
out from composite components, can complicate the crack-tip chemistry considerably.
Furthermore, when a composite is exposed to aqueous environments, an increase in
temperature generally enhances the dissolution of its water-soluble compounds by raising
their solubilities and accelerates thermally activated chemical reactions involved, such as

hydrolysis or leaching of polymers.




CHAPTER 4
SUMMARY

4.1 Conclusions

This systemic study leads to a comprehensive understanding of brittle fracture
mechanisms of GRP insulators. The most significant conclusions obtained from the
study are outlined below:

Insulator failure analysis

1. The planar fracture morphology of service-failed or -damaged insulators and the
formation of large mirror sizes on the fractured fiber surfaces reveal that stress
corrosion cracking is the principal failure mode for the brittle fracture of insulators.

2. Both calcium and aluminum depletion are detected in the fractured fiber ends,
calcium depletion being more severe than aluminum depletion. This finding
strongly suggests that acid corrosion of glass fibers in the brittle fracture process
is controlled by the ion-exchange mechanism.

3. Irregular fiber and resin deformation represented by melted fibers and resin
decomposition, for the first time, is identified on the insulator fracture surface.
Melted fibers are located adjacent to the external surface of composite rods, while
resin decomposition can either prevail over the entire fracture surface or exist in
scattered local regions. High-voltage fracture experiments conducted in this study
further verify that these two features are in fact the characteristics of electrical

discharge-induced fracture in GRP composites.
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4.  All of the insulator fracture surfaces examined in this study are free from any post-
failure damage; the fractured fiber surfaces retain initial fracture markings without
further visible deterioration. This phenomenon indicates that service acidic
environments may not be highly concentrated or only temporally stay in contact
with the fracture surface during the fracture process.

5. Zinc and iron are detected in the deposits formed on the internal fracture surfaces
away from the high-voltage end. Since zinc and iron can only come from the metal
casting, the identification of these elements provides direct evidence of metal
casting corrosion.

6. Structural damage inside the high-voltage end, epoxy/sheath interface debonding
and/or circumferential cracking in the epoxy potting material, creates the initial
access for external environments to the composite rod, thereby destroying the
integrity of the insulator system and promoting brittle fracture by stress corrosion
cracking.

7. Estimation of the composite rod’s fracture stress via the direct mirror size
measurement and the rule of mixture is shown to be invalid. The stress
overestimate is likely caused by extending the empirical fracture stress/mirror size
relationship obtained from bare glass fibers to composite materials and by applying

the rule of mixture to the strength calculation.

Stress corrosion experiments

1.  Stress corrosion behavior of composites is dependent on the nature of acids. Oxalic
acid is much more aggressive to E-glass fiber/polyester composite than nitric acid
at the same concentration.

2. Acid concentration plays an important role in acid corrosion of composites; a
higher acid concentration leads to a faster crack growth rate.

3. There likely exists a critical acid pH, above which stress corrosion fracture is

inhibited. This critical acid pH, determined by crack tip chemistry, varies with
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both the nature of acids and the composition of composites. For E-glass
fiber/polyester composite, the critical acid pH approximates 3.5 for oxalic acid and
4.5 for nitric acid, while for different materials tested in nitric acid, the critical acid
pH reduces in the sequence of E-glass fiber/polyester, /epoxy, and /vinyl ester
composite.

Crack growth in stress corrosion accelerates with applied tensile load. The
relationship between them obeys a power law.

The propagation behavior of stress corrosion cracks in E-glass fiber/polymer
composites is highly influenced by the resin matrix. Among the three composite
systems tested in nitric acid, epoxy composite exhibits better stress corrosion
resistance than polyester composite, while vinyl ester composite is superior to both
epoxy and polyester composites.

Water by itself can not initiate stress corrosion fracture in E-glass fiber/polyester

composite.

Electrical discharge experiments

1.

Stress corrosion fracture can be generated in GRP composites under the synergistic
influence of mechanical load and electrical discharge in the presence of water.

The fracture morphology induced in high-voltage fracture experiments closely
resembles that of service-failed insulators, particularly in the fracture initiation site.
Electrically discharging polyester resin and E-glass fiber/polyester composite
produces various organic compounds; however, no oxalic acid is identified in the

discharge byproducts.

Acid corrosion behavior of E-glass fiber

1.

Acid corrosion of E-glass fiber is primarily attributed to calcium and aluminum

depletion, the severity of which is determined by the nature of acids.
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Oxalic and sulfuric acids are much more corrosive to E-glass fiber than
hydrochloric and nitric acids. This behavior results from different acid leaching
mechanisms; leaching is controlled by acid concentration in hydrochloric and nitric
acids but dominated by the formation of insoluble salts or complex ions in oxalic
and sulfuric acids.

Axial and spiral crack morphologies are observed in fiber acid corrosion. Based
on the internal stress analysis, an ion-depletion-depth theory is established to
explain fiber cracking mechanisms; the axial crack formation is likely associated
with a larger ion-depletion depth relative to the spiral crack formation.

The susceptibility of fiber surface cracking in acids suggests that the tendency to
form post-failure damage in E-glass fiber is much greater in oxalic and sulfuric

acids than in hydrochloric and nitric acids.

Crack tip chemistry

1.

Calcium and aluminum ions are found in the water extracts from E-glass
fiber/polyester composites. Calcium ions appear to be water soluble in nature,
while aluminum ions are mostly bonded with other anions, forming precipitates in
the extracts.

The extract chemistry is not exclusively determined by the filler material used in
the resin formulation but by the chemical composition of each composite
component, particularly the formulation of resins as well as sizing agents.

The stabilized pH value of extracted composite solutions can be acidic or basic in
nature, as influenced by both leached ions from composites and their further
interactions.

E-glass fiber/polyester composite has been shown thermally unstable; the
composite, particularly the resin matrix, readily decomposes at the temperature

around 100°C, releasing a variety of volatile organic compounds.
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From the above findings, failure mechanisms are proposed for insulator brittle fracture
based on the synergistic influence of mechanical, environmental and electric stresses.
In service, nitric acid induced by electrical discharges on either external surfaces of the
rubber sheath and weathersheds, or on the internal fracture surfaces in the composite rod
is likely to dominate insulator service environments, although other acids, such as
sulfuric acid present in acid rain or oxalic acid generated by void-induced discharge in
some composites, may also be involved. The failure mechanisms suggest that for the
insulators with the cone end-fitting design, epoxy/sheath interface debonding and
circumferential cracking in the epoxy potting material inside the high-voltage end are
most likely responsible for the initiation of brittle fracture. Further interaction of acidic
media with the composite components may lead to longitudinal delamination in the
composite rod by fiber/resin interface debonding, thereby transferring acidic media
internally to the rod section away from the high-voltage end through capillary effect. As
a result of acid attack along with applied tensile loads, the composite rod will fracture

in a brittle fashion by stress corrosion cracking.

4.2 Recommendations

Based on the results obtained from this study and the literature search, the following
recommendations are presented in hopes of improving in-service integrity of GRP
insulators under the synergistic influence of mechanical, environmental, and electric

stresses, thereby minimizing the likelihood of brittle fracture:

1. The high-voltage end, a crucial component in an insulator system, usually
experiences the highest mechanical, environmental, and electric stresses. Any
reduction in these stresses can enhance insulator performance considerably. First,
the end fitting should be designed to shield the composite rod from any
environmental attack. The insulator failure analysis conducted in this study, in

addition to field experience, indicates that the initiation of insulator brittle fracture
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usually results from the ingress of external moisture or corrosive media into the
space between the rod and the metal casting due to inadequate sealing. Second,
sharp contours in the end-fitting structure should be eliminated to minimize
mechanical stress concentration inside the end fitting. Additionally, mechanical
properties of the end-fitting components (the composite rod, polymer sheath, and
epoxy potting material) should be matched as closely as possible to ensure that the
seal between one another does not break when the insulator is subjected to
mechanical loading transients. Third, in high-voltage applications the end fitting
should be equipped with grading rings. More importantly, the location and size of
grading rings, relative to their applications, must be appropriately adjusted to
achieve a maximum reduction of electric stresses near the high-voltage end and
thereby to diminish electrical damage to the polymer housing materials and the
tendency to form nitric acids.

The stress corrosion resistance of composites is highly dependent on the chemical
composition of glass fibers. E-glass fiber, the commonly used reinforcement in
insulator composite rods, exhibits high susceptibility to acid corrosion, given its
high non-siliceous ion content. In recent years, intensive studies conducted on
ECR-glass fiber and its composites have indicated an encouraging sign: ECR-glass
fiber possesses superior acid resistance to E-glass fiber. Furthermore, A-glass,
Cemil-glass, and R-glass are also reported to be more acid resistant than E-glass.
However, electrical and mechanical properties of these glasses must be further
evaluated before they can be utilized in electrical insulation applications.

The selection of matrix resins, in addition to glass fibers, is essential to the
composite performance in stress corrosion environments. It is likely that a good
combination of resin fracture toughness and chemical resistance is beneficial to
stress corrosion resistance of GRP composites. The results obtained in this study
suggest that for E-glass fiber reinforced composites subjected to stress corrosion in
nitric acid, the vinyl ester matrix performs better than both the epoxy and polyester

matrices.
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4. Polymer housing materials should be formulated to optimize their hydrophobicity
in polluted environments and to improve their resistance to electrical damage,

particularly corona cutting and erosion.
4.3 Future Research

This study provides a deeper insight into the brittle fracture phenomenon of insulators.
To obtain practical guidelines for current insulator application, further research should

focus on the following critical issues:

1. One of the ultimate goals for studying insulator brittle fracture is to predict the
insulator service life once brittle fracture is initiated according to crack growth rate
in the stress corrosion of composites .

2. The high-voltage fracture experiments have verified that stress corrosion cracking
can be generated in E-glass fiber/polyester composite subjected to the synergistic
influence of mechanical and electrical stresses in the presence of water. The
chemical nature of the corrosive environment induced under such a circumstance
needs to be identified.

3. Further studies on stress corrosion resistance of composite systems with different
combinations of glass fibers and resin matrices are essential. Since the behavior
of composites under mechanical and environmental stresses may significantly differ
from that when electric stresses are superimposed, stress corrosion resistance of

composites should be evaluated independently in the above two situations.
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