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An investigation of brittle fracture of composite
insulator rods in an acid environment with either
static or cyclic loading
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The effect of static and cyclic loading conditions on the stress corrosion cracking of
unidirectional glass reinforced polymer (GRP) rods used in composite high voltage
insulators has been investigated. A series of stress corrosion experiments has been
performed on unidirectional E-glass/modified polyester composite rods. The rods have
been subjected to mechanical tensile static and cyclic stresses in the presence of a nitric
acid solution. The stress corrosion fracture process in the rods was monitored using
acoustic emission techniques. The experimental loading conditions simulated possible
in-service loads for composite suspension insulators. The results obtained in this study
showed that the brittle fracture process can be generated in the rods when subjected to
relatively low tensile stresses in the presence of a nitric acid solution. The morphology of
the experimentally generated brittle fracture cracks in the rods closely resembles those
from in-service failed composite suspension insulators. It has also been shown in this
research that low frequency, low amplitude vibrations in tensile loads can significantly
accelerate the fracture process. It appears that the brittle fracture cracks in the rods
generated under cyclic loads are less planar in nature in comparison with the cracks formed
under static conditions. It has also been found that the acoustic emission generated during
the stress corrosion fracture process in the rods is sensitive to the placement of the
transducers. However, a reasonably good correlation between the stress corrosion crack
growth rates and acoustic emission has been attained. © 2000 Kluwer Academic
Publishers

1. Introduction strength to weight ratio, improved damage tolerance,
In recent years a great deal of development has beestructural flexibility and greater impact resistance.
carried out on GRP (glass fiber reinforced polymer)However, the use of composite insulators is not with-
composites for use as electrical insulators. Composeut problems. The GRP composite materials present
ite suspension insulators are used in overhead trang significant problem in that they may fail by brittle
mission lines with line voltages in the range 69 KV to fracture, which usually takes place in a catastrophic
735 kV. These insulators (see Fig. 1) rely on unidirec-manner [1-6]. The observed failures usually occur un-
tional glass reinforced polymer composite rods as theler 5-10% of the load-bearing capacity in dry fracture.
principal load-bearing components. The rods are manThe fracture surface is typically very planar and large.
ufactured by pultrusion, and the constituents are eithe®n occasion the planar fracture surface can be as much
polyester, vinyl ester, or epoxy resins reinforced withas 80—-90% of the cross section area of the rod [4].
either E-glass or ECR-glass fibers. The fibers are ax- Generally the brittle fracture of composite insulator
ially aligned and constitute 55 to 60% of the rod by rods is associated with high voltage applications. In a
volume. The surface of the GRP rod is covered with ahigh voltage environment, acids, such as nitric acid,
rubber sheath with several weathersheds. The ends afay be present or generated near the line insulators.
the rods are supported by two metal end-fittings. Onérhe fact, that a nitric acid solution can be formed in-
end-fitting (the energized end or the hot end) is attachedervice has been speculated for some time. Recently,
to a high voltage line whereas the other end (the coldChughtaiet al. [6] have detected, using Fourier trans-
end) is attached to the tower. In order to reduce the eledorm infrared spectroscopy, the presence of nitrate on
tric stress concentrations at the energized end, gradingye brittle fracture surfaces of a 115 kV suspension
rings are used on 115 kV lines and higher. insulator which failed in-service by brittle fracture.
Reasons for the use of composite insulators inThis result implies that brittle fracture of suspension
high voltage applications include: an exceptional highcomposite insulators can be caused by a nitric acid
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migh-voltags end weathershed snsens  per of goals for the reported investigation: First (1),

= due to geometric similarity, it was hoped that the brittle

=L — fracture process in an actual composite insulator rod

K ‘/‘/‘/‘// » could be generated with conditions at least somewhat
like those that might be encountered in-service. Second

grading ring GRP composite rod tubber sheath

(2), assuming a successful generation of brittle fracture
Figure 1 Schematic of a composite suspension insulator. cracking, it would be important to monitor its develop-
ment and determine if information about the involved
) ) _fracture processes could be obtained. Third (3), it was
formed through corona discharges. Since corona dismportant to examine both static and fatigue loading to
charges frequently occur in the immediate vicinity of estaplish if the brittle fracture mechanisms are the same
the energized end-fittings of suspension insulators, 0Xn poth of these loading arrangements. Fourth (4), itwas
ides of nitrogen and nitric acid are formed in-the presygped that the measurement of acoustic emission would
ence of ozone and moisture. Possible chemical rea(?rovideinsightinto both the mechanisms of brittle frac-
tions of the nitric acid formation process were given andyre in the composite rods and to a possible technique

discussed in Ref. 6. Another possible source of nitrictor the prediction and detection of brittle fracture in
acid is acid rain. A principal natural source of gaseousomposite insulators in-service.

NOy is generated from chemical decomposition of ni-
trides in the atmosphere. In addition, man made gase-
ous emissions are known to be heavily concentrate%

near population centers where large power lines aré: EXPerimental procedures . .
xperiments were set up and carried out using sev-

common. | sh te insul ith rod 1mi2f
Brittle fracture of composite insulators is caused by S ort composite insulators with rods 0.61m (21t.)
length. Each insulator had two crimped metal end-

the stress corrosion cracking (SCC) of the composite.. . o :
rod material [1-6]. SCC in an E-glass/polymer composA 1tings, no additional housing or weathersheds were
ite results from the combined effect of low mechanicalUS€d- The composite insulator rods were either held at

tensile stresses applied along the fibers and chemic4 constant static stress or cycled in tension-tension fa-
. . . . . . i _Q0,
attack of either organic or inorganic acids. With the 19u€ at about the stress witht—8% over and under

presence of acids on the GRP materials, calcium an ad. The experimental conditions used are summarized

aluminum within the fiber are leached out by ion ex- P&lOW:

change with hydrogen [7—10]. The leachibility of these

metallicionsis not only determined by the hydrogenion ¢ Rod diameters:d=16 mm (0.62 inch) and

concentration but also strongly affected by the anions ~ 19.4 mm (0.75 inch)

in acids. e Axial load stresss = 130 MPa (same for both dia-
ConstantK; samples have been designed and used ~Mmeter rods)

to test the stress corrosion properties of unidirectional ® static: Load=26.1 kN small rod diameter and

E-glass fiber/polymer composites under static loads [8, 38.4 kN large rod diameter

11, 12]. The brittle fracture process in unidirectional e cyclic conditions: Loag=26.1 kN, 8% overload,

E-glass/polymer composite materials has been repro- frequency 10 Hz., Loag 38.4 kN, 7% overload,

duced under laboratory conditions by subjectingkhe frequency 10 Hz.

specimens to very low mechanical loads in the presence ¢ Initial defects: Surface pre-crack: 10 mmin length,

of various corrosive environments [1-3]. The stresscor- 0.3 mm in depth and 0.1 mm in thickness. No sur-

rosion experiments were performed with the specimens ~ face crack, but an opening in the rubber coating

immersed in either organic (oxalic acid) or inorganic ~ @bout 1 mmin height and 3 mm in width.

acids (nitric and hydrochloric acids). In addition, the e Corrosive environment: Nitric acid, pH1.2

brittle fracture process has been initiated in the speci-

mens subjected to corona discharges in the presence ofAs noted above two types of surface defects were

small amounts of water [1-3]. employed. In one case the initial precrack introduced
The morphology of the fracture surfaces in tie  on the rod surface within the acid exposure region was

specimens has been found to be highly dependent on ttegpproximately 10 mm in length, and 0.3 mm in depth.

value ofK| [1-3, 8]. For low values oK, the surfaces The pre-crack was introduced to initiate a stress corro-

are always planar in nature and perpendicular to thesion crack in one particular place on the rod surface. In

fibers. Higher values d| generate surfaces which are the second case the rod was completely covered with

less planar with numerous steps or ridges on the cracgilicon rubber inside the acid tank except for a small

surface. The crack propagation rates during the stresspening about 1 mm in height and 3 mm in width.

corrosion fracture process in tig specimens can be  In all tests a liquid nitric acid environment was used

determined by monitoring acoustic emission [11, 12]. with a pH of 1.2. The acid was held in a 125-ml con-
In this study, an attempt was made to initiate brittletainer sealed around the rod. To prevent the acid from

fracture in the GRP rods under the conditions whichleaking out due to potential debonding along the rod, the

would be similar to the in-service loading conditions rod, from the container to the bottom end fitting, was

of composite high voltage suspension insulators. Theoated with silicon rubber. Three wide band acoustic

acoustic emission generated during brittle fracture wagmission transducers (B1025, Digital Wave) were lo-

also measured and characterized. There were a nuroated on or near the composite rod sample. One was
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TABLE | Testconditions Laa

) f'fh_;nppamnrunsm:m's
Test d Axial Load Stress s

x

=

condition (mm) (kN) (MPa) . eral I o AE side transducers
||' {

Static 16 26.1 130

Static 19.4 38.4 130 Fracrech-.. L EEpern |

Static™* 16 9-13.6 43 pH=12

Static+ 7% 194 38.4+ 7% 130+ 7%

Fatigue (10 Hz) 16 261 8% 130+ 8% P Sioan

Fatigue (5 Hz) 19.4 38.4 7% 130+ 7% . coating

Fatigue (10 Hz) 19.4 3847% 1304+ 7% T

Fatigue (20 Hz) 19.4 384 7% 130+ 7% f

*I** For* test, there is no surface pre-crack, but there is a Imm in height i

and 3 mm in width opening on the silicon rubber cover.Edest, there (@

is about 3 mm in diameter opening in the silicon rubber cover and a hole

in the rod 2 mm in depth. For all other tests, there is a 10 mm surface Lgad

pre-crack. _+ y AE cpposie transduooens

g 1 AE gide traraducers

. . . . . Dpening insflioon
hung in air near the top coupling to monitor noise mbber ~1xd mm

in the lab area. The second was located directly be T T
hind the pre crack or defect, just above the acid (callec .- 1_,“*
the opposite transducer). The third transducer was lo

Sllicon
cated at the same height but°%round the rod from risbgr
the second transducer (called the side transducer). Tk —_— —_—

acoustic emission was measured by a standard PC co = * =

trolled parameter measuring system (Phoenix system’

Schematic diagrams of the test setup and the initial de-

fects are shown in Figs 2 and 3. Table | provides a

summary of the test conditions employed in the stressigure 3 Surface conditions in the rod experiments; (2) GRP rod with

corrosion experiments, a surface pre-crack, and (b) GRP rod coated with silicon rubber and a
The rods tested in this study were unidirectional E-small opening.

glass/modified polyester composite materials with a

volume fraction of fibers at approximately 0.55 (0.72 by

weight). Both the design of the end-fitting and the ex-3- Experimental results

act composition of the polymer matrix are proprietary3-1. Fracture surface morphology '
information. The majority of tests (constant static stress and cycling)

with a small pre-crack failed in a brittle fracture manner.
The crack advanced in a flat planar manner for some
distance in the direction perpendicular to the fibers and

L
.i then long vertical splits occurred along the fibers. This
process, crack advance then vertical splitting, was re-
E peated until the sample essentially shredded and pulled

apart. The details of fracture and fracture face mor-
phology will be discussed in detail in the next section.

[t ]— Tha(ren Howe_v(_er, a _smaII number of samples (two sfamples) did
] R not fail in this manner. In these cases, multiple surface
| ae ey [ i e c_racks were formed on the ropl surface and they_ con-
|_"1T| o tlnued to grow around the outside of the test specimen.
;:':ﬂ | | | | | Fig. 4 shows an example of these cracks. No significant
[l planar crack growth was observed at the pre-crack for
— D these two specimens.
L The fracture faces obtained from brittle fracture due
* W w10 e B0 ba) 108 e 279 ) to static loading with a pre-crack and those obtained
+ ke i 11w 1 00 i e B e et from cycling loading with a pre-crack were found to be
* Bl boad: = BT KM 000 B/ 195 B[R quite different. The fracture surfaces resulting from the
* Peliguioad: P BT 4 % & WO He! 58 478 0 10 HE different types of loading could easily be distinguished

* Il etk Burfecs e IDem b 3emdme from one another. In both cases, if there was a planar
o i s et pre-crack, the crack continued to grow in a planar fash-
* Comaion sveporrmam: R scd, g L8 ion until vertical splitting along the outside of the rod
* Pra-arg: A i 4 0 occured. This same procedure (crack advance then ver-
tical splitting) was repeated several times as the crack
Figure 2 Experimental set-up used in the stress corrosion experimentsadvanced. Finally, the sample failed by the splitting and
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Splits Along the Rod

>

Fiber and Load Direction

<

Stress Corrosion Cracks
Perpendicular to the Fibers

Figure 4 A network of brittle fracture cracks on the surface of the GRP rod tested under static conditions with a load of 26.1 kN.

pull out of long strands of the composite rod. This fail- this failure is shown in Fig. 6. Point A in Fig. 6 indi-
ure process was duplicated several times for both staticates the initiation place of the brittle fracture crack and
and cyclic loading. The published tensile strength of thethe location of the initial acid attack on the composite.
E-glass fiber/polyester composite is approximately 700rhe other test was similar except a very small diameter
to 1000 MPa [13] yet the failures observed when ex-hole (3 mm in diameter) was drilled through the silicon
posing the rod to nitric acid can occur at stresses belowubber and into the rod approximately 2 mm. In this
130 MPa. Clearly, the presence of the acid is a majotest, the sample was loaded only to 43 MPa. This sam-
factor in the brittle fractures we observed. Stress corple required many more hours of exposure until failure.
rosion crack mechanisms are the cause of the observéthe approximate time to failure for most samples was
brittle fracture. Examples of the fracture surfaces forin the range 35-50 hours. This sample was loaded at
both static and cyclic failures are shown in Fig. 5, a—d.43 MPa for 385 hours. It was then loaded to a stress
In two of the tests, which also failed by brittle frac- level of 60 MPa for 6 hours and an audible report was
ture, different fracture characteristics were observedheard and vertical splitting was observed. It was then
One sample was statically loaded to 130 MPa and all ofinloaded, examined and reloaded to 43 MPa for 96 ad-
the rod surface exposed to acid was covered with silicowlitional hours and then increased in stress to 65 MPa.
rubber expect a very small (1 mm in height and 3 mm inlt was held at 65 MPa until failure (2 hours). The fail-
width) opening in the rubber coating (see Fig. 3b). Thisure was similar to the failure of other statically loaded
sample failed in a brittle failure mode with the major samples. Again, the major exception was that the first
difference being that the planar crack area was consigglanar crack area was considerably larger.
erably larger and spreads out in a fan shaped manner Analysis of Fig. 5a—d shows that the first planar
from the hole in the rubber coating. A micrograph of crack area is noticeably larger for the statically loaded
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samples compared to the samples loaded under cyclidotice that the samples with no pre-crack and the ones
conditions. Notice also an increased amount of splittingested at very low stress have significantly larger first
and fracture steps in the fracture surface of the fatigu@lanar areas. Another observed difference is the planar
tests. The fatigue tests are also characterized by craakack observed when there is no pre-crack. Here, the
propagation completely around the circumference oplanar area spreads out from a point, giving what looks
the tested rod. Table Il presents data on the individlike a fan shaped crack (see Fig. 6).

ual fracture faces for different test specimens. Included Static overload tests were carried out to determine if
in the table is the percntage area occupied by the firghe difference between the static and cyclic tests was
planar transverse crack. This data is plotted in Fig. 7due to the higher stresses obtained in the fatigue tests.

n

we
o)

‘Fa w

1 L]

Brittle Fracture Crack Axial Split
(b)

Figure 5 Brittle fracture damage zones in the GRP rods with a rod diameter of 19.4 mm; (a, b) under static conditions (38.4 kN load) and (c, d) under
cycling conditions (38.4 kN:- 8%, 10 kz). Continued
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Mechanical Failure
¥ 1 "_H . :

\1/%
Brittle Fracture Surfaces  Axial Split
(d)

Figure 5 (Continued.

The tests were performed at a stress level equal to thieigs 5a—d, and 6) the fracture surface changes from

highest stresses obtained in the cyclic experiments. Tha planar surface to an irregular surface (with multiple

resulting fracture faces obtained from the over load teststeps) and then to a fiber pull out and multiple mechan-

were identical to the fracture faces from the previouscal failures of the fibers.

static tests. The differences in morphology were not due

to stress but to other mechanisms related to the cyclic

loading conditions. This will be discussed in the next3.2. Acoustic emission monitoring

section of the paper. Acoustic emission is the rapid release of energy due
For both the static load and cyclic tests, from the ini-to a sudden localized change of stress or strain. The

tialization of the pre-crack until the final failure, (see fracture of a fiber should be an excellent source of
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TABLE Il Planar crack area from surface pre-defect to first splitting

Distances to vertical Area, (to 1st split),

Rod Diameter, (mm) Load, (kN) Stress, (MPa) Defect, (mm) splitting, (mm) @nm) Area %

16 static 26.1 130 pre-crack 10 4,7,8,9 39.3 19.6

16 static 26.1 130 no defect 57,9 53.7 26.7

16 static 9~ 13.6 43 3 mm dia. hole 56,911 61.2 30.4

~2 mm deep

19 static 38.4 130 pre-crack 10 4,6,7.7 44.0 14.9

19 static 26.H 7% 130+ 7% pre-crack 10 4.5,6.5,8 52.0 17.6

16 fatigue 130+ 8% pre-crack 10 2,35,4 14.5 7.2
26.14+ 8%, 10 Hz

19 fatigue 136 7% pre-crack 10 2,3 16.1 5.4
38.4+7%,5 Hz

19 fatigue 136+ 7% pre-crack 10 2,35,5 16.1 5.4
38.44+10%, 10 Hz

19 fatigue 136t 7% pre-crack 10 15,2,45 10.5 3.6

38.4+£ 7%, 20 Hz

Mechanical Failure

Brittle Fracture Surface

Figure 6 Brittle fracture surface from the stress corrosion experiment on a 16 mm diamter rod with an opening in the rubber coating without a surface
pre-crack and a static load of 26.1 kN.

acoustic emission as well as splits and matrix crackemission signals and their peak amplitude have been
ing. The emissions are recorded and measured frotmonitored and measured throughout the entire time
the electrical signal produced by a piezoelectric diskof each test. The specimens were loaded into an 880
in the transducers, which were placed on the composMTS deformation machine and loaded at the rate of
ite rod a short distance from the failure zone. During4.5 kN/min. until the desired stress was reached. At this
the tests reported in this paper, the number of acoustipoint, the transducers were attached, acid was placed in
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Percentage of test rod area in the first planar crack

Data from “opposite"

30 transducer

Data from "side"
transducer
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Sum of AE events
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Figure 7 Brittle fracture surfaces (percentage of the rod surface in the 20 5
first planar crack) generated in the static (with and without overload) and Test time in hours

cyclic stress corrosion experiments. ) ) o )
Figure 9 Rates of acoustic emission versus time from the transverse

crack and the first split along the fibers.
the container being certain to cover the initial defect and
then monitoring of the acoustic emission was started 45 gq0 150,000
Due to the long duration of these tests extraneous lak Data for “side and opposite”
. . e . transducers in the sum mode are
oratory noise was a significant problem which had to identical except for offset,
be measured. A third transducer used to measure lab g

ratory noise was positioned near the other transduce\é 100,000 %
but not attached to the sample. Signals registering o« E»
all three transducers at identical times were considere§ 7,500 g
. . .. » o
noise and were subtracted from the acoustic emissior§ Data forside and opposite® £
l transducers when plptted. 3

in the rate mode are identical.} 50,000

measured on the side and opposite transducers.
The acoustic emission behavior was somewhat dif
ferent from test to test. However, when a good plana Ml
e

AE ev

crack was obtained, the sum of the acoustic emissio
signals produced a distribution with time similar to that
shown in Fig. 8. The data are characterized by very little Test time in hours

or no emissions for a significant length of time (apprOX'Figure 10 Rates of acoustic emission versus time from the final stages
imately 15-25 hours) and then arather sudden and larggthe brittle fracture process in the GRP rod from both the opposite and
increase in the acoustic emission rate. The appearane@e transducers.

of the increase in acoustic emissions was similar in test

time for the majority of the samples tested. After the _. 8and 9. th . d ) .
sudden increase, the rate of acoustic emissions slowg9S 8 and 9, the opposite transducer is more sensitive

considerably and maintains a slow constantincrease fd the emissions generated than the side transducer for
alengthy time and then increases rapidly and maintain e first part of the test. However, after the first increase

high activity until the sample fails. Fig. 9 shows the first In acoustic _erlrlus_zlon .thei g'de z;\:nd Ci%p?f'te trﬁnsducers
increase in acoustic emission plotted as the rate of emigl'Ve essentially identical data. Fig. 10 shows the acous-

sions rather than the sum. One factor is evident in botlﬁic emission rate for both transducers during the final
' ailure of the sample. Notice that the data from the two

transducers is essentially identical for this time inter-
val. The first peak in acoustic emission corresponds
to the first appearance of vertical splitting along the
fibers.

[1]

90

Sum of the AE versus test time
for a typical composite rod
brittle failure with a planar crack.

fiber breakage ————ie-

100,000 -|

4. Discussion
Brittle fracture of composite suspension insulators is
a rare phenomenon. It can occur if the insulators are
not protected against moisture ingress into their end-
fittings [2-5]. During the brittle fracture process, trans-
Data from "side" transducer — - verse cracks are formed in the GRP rods in the direc-
tion perpendicular to the fibers either inside or outside
[ of the end-fittings. The most likely cause of the brittle
0 25 50 75 10 fracture failures of suspension composite insulators is
Test time in hours the formation of nitrides and nitric acid due to corona
Figure 8 Sum of the acoustic emission events versus test time for aaCtIVI,tleS in the presence of moisture [6]. Nitric acid
typical composite rod brittle failure monitored with the side and opposite SOlUtions can be formed externally on the surface of the
transducers. fitting, weathersheds and the rubber sheath. If the acid

Data from

Sum of AE events

50,000  Dominaret major
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penetrates into the fitting, brittle fracture will occur in- very accurately the formation of brittle fracture cracks
side the hardware (see Fig. 11) [4]. Nitric acid solutionsinside the fittings. It can be seen in Figs. 5 and 6
can also be formed inside the insulators, above the fitthat the morphology of the fracture surfaces generated
ting due to internal partial discharge inside the insulatoiin the experiments with the very shallow pre-cracks and
if moisture is present. In this case, the GRP rod failshe opening in the silicon rubber are rather different.
above the fitting (see Fig. 12) [4]. The location of the When the entire surface of the rod was exposed to the
brittle fracture cracks with respect to the fitting dependsacid, a series of steps was noticeable on the fracture sur-
strongly on the voltage level and the position and geofaces. In the second case, fan shape surface marks are
metry of the grading rings [4, 5]. Despite the fact thatvisible (see Fig. 6) emanating from the area where the
the brittle fracture cracks inside and outside the fittingsacid was attacking the composite rod (from the open-
are planar in nature, there is a significant difference iring). It can therefore be concluded that the crack in the
the morphology of the fracture surfaces on the microirst case was growing along the entire front of the pre-
scale. For the cracks inside the fittings, the surfaces afrack whereas in the second case the fracture process
the failed fibers and the matrix are at the same levelwas initiated on the rod surface inside the opening. Both
For the external brittle fracture surfaces, the fibers ar¢ypes of the fracture surfaces have been observed in
always sticking out above the surface of a polymer resirseveral field-failed composite insulators [2-5]. In some
[1-5] with the matrix significantly decomposed, most cases a single brittle fracture will not be initiated [2, 3].
likely by internal discharges. Instead, a network of cracks will be formed on the rod
The stress corrosion cracks generated in this studgurface similar to the surface damage shown in Fig. 4.
closely resemble the geometry of the cracks of the fieldBince the failure of the insulators above the fitting is
failed insulators. Since the tests were conducted in a nicaused by the formation of nitric acid solutions usually
tric acid solution (without corona discharges), no resinat the rod/rubber sheath interface above the hardware,
decomposition on the fracture surfaces was observea large portion of the rod surface can be exposed to the
Therefore, the stress corrosion experiments simulatedcid. Under these conditions, the surface damage will

Metal End Fitting

Brittle Fracture Crack

Figure 11 Brittle fracture of a 500 kV suspension composite insulator inside the fitting after approximately four years in-service with an applied load
of 38 kN.
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Mechanical Failure

Weather Shed Brittle Fracture Cracks

Figure 12 Brittle fracture of a 500 kV suspension composite insulator outside the fitting after approximately four years in-service with an applied
load of 38 kN.

be generated with several brittle fracture cracks growstantK; specimens to corona discharges in the presence
ing in the rod simultaneously. It is still unknown which of small amounts of water. When stress corrosion cracks
factors determine the initiation of either a single brittle developed in the specimens under the above conditions,
fracture crack or a network of cracks. Most likely, this the brittle fracture process was monitored using acous-
is related to the surface imperfections on the rod surtic emission. In the case of th§ tests, the application
faces. The critical surface flaw sizes for the initiation of of acoustic emission was very successful [1-3, 11, 12].
brittle fracture cracks on the rod surfaces are unknown, The growth of brittle fracture cracks has been suc-
and need to be investigated. cessfully monitored using acoustic emission [1-3,
The main purpose of the stress corrosion experimentsl, 12]. In particular, acoustic emission was used to
on the GRP rods was to reproduce the brittle fracturaletermine the rate of stress corrosion crack growth by
process in the insulator rods under the conditions whicltounting the fibers fracturing during the process. A
could be similar to in service conditions. Moreover, anone-to-one relationship between the number of the frac-
attempt was made in this study to design a stress corrdured fibers on the corrosion fracture surfaces and the
sion experiment using a specimen geometry which waaumber of acoustic emission signals from the fibers
closer to the actual geometry of a composite insulatorwas established [11, 12]. The stress corrosion experi-
Most of the stress corrosion research performed in thenents on the GRP rods performed in this study, how-
past regarding brittle fracture [1-3] concentrated on theever, proved to be much more difficult. Contrary to
stress corrosion experiments in E-glass/polymer comthe cracks in th&, specimens, the exact length of the
posite rod materials using the const#htspecimens. stress corrosion cracks in the rods could not be deter-
The specimens were subjected to small applied tensilmined optically (for example using a traveling optical
loads in the presence of various corrosive environmentmicroscope). In addition, the stress conditions at the
such as water as well as organic and inorganic acids. Itips of the cracks in the rods and tikg specimens
addition, high voltage fracture experiments were alsovere entirely different. The macro-stress conditions in
conducted by subjecting the mechanically loaded conthe K| specimens did not depend on the crack length
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for a given applied tensile load. In the rods, however, 10,000
the stress intensities at the tips of the cracks growin(y traight ine s lincar curve it .
perpendicular to the fibers increased as a function c& Coeficiet, r* = 0531

crack length and their geometry for a constant applie(g
tensile load [5]. Since the nature of the brittle fracture £
process strongly depends on the stresses at the cra§ 5,000 -
tip, and thus, the value of the stress intensity fa&tgr
the stress corrosion process changes as the crack proj2
gates perpendicular to the fibers across the rod. Whatf‘a 2,500 -
still very surprising is the fact that the stress corrosiorg
cracks in the rods are so large. An unsuccessful attem|5

7,500 -]

vent:

has been made by Kumosgal.[5] to explain this very A % 10 15 20
qnysual phenomenon by performing three-dimensione % of the cross section in planar
finite element simulations of the stress corrosion crack. crack up to first vertical split.

n homo_geno_us_ ort_hotrop|c Ilne.ar elastic rods. Due _tOFigure 13 Sum of the acoustic emission events versus the area of the
the obvious limitations of the finite element analysis st transverse brittle fracture crack (up to the first vertical split) from the
the numerical results and the critical stress intensitiestress corrosion cracking in the GRP rod tested under static condition.
for debonding (taken from the constadftstress corro-
sion experiments) did not explain why the cracks are so
large. The finite element modeling (FEM) showed thatthe crack propagation process acoustic emission signifi-
the cracks should be significantly smaller (less than 5%antly “underestimates” the number of fractured fibers,
of the rod cross section) for a load of 27 kN. Since theand thus, the crack propagation rate perpendicular to
static stress corrosion experiments performed on théhe fibers. This is not surprising since the acoustic emis-
smaller rodsd = 16 mm) were very close to the con- sion monitored during the stress corrosion process in
ditions in the FEM model, this further reinforced the the rods appears to be strongly dependent on the trans-
conclusions in Ref. 5 about the invalidity of the finite ducer position with respect to the crack. Depending on
element computations. the position of a fractured fiber at the crack tip with re-
The acoustic emission generated during the brittlespectto the transducers, the sensitivity of acoustic emis-
fracture of composite insulator rods is generally char-sion changes. This means that for some fibers, acoustic
acterized by a peak in the acoustic emission rate agmission will not be detected depending on their loca-
15-20 hours after the start of the test. The acoustition on the fracture surface. Moreover, small transverse
emission then increases slowly for many hours and thenaracks will not release significant amounts of energy at
increases rapidly and maintains a high level of activityfracture since the stress at the tip of a short transverse
until final failure occurs. It is believed that the first in- crack is not high. When splitting along the rod occurs,
crease in acoustic emission is related to the growth of ¢he transverse crack is already long with a relatively
transverse crack from the initial pre-crack until perpen-high crack propagation rate. At this point, the number
dicular splitting of the rod occurs. A visual correlation of recorded acoustic emission signals is significantly
of the occurrence of the perpendicular splitting duringlarger than the number of fractured fibers. These addi-
and just after the acoustic emission increase has bedional signals are most likely due to matrix cracking,
observed in the laboratory. There is a linear correlatiorinterfacial cracks formed during splitting and reflec-
between the planar crack area and the number of acoutiens of the signals from the top and bottom surfaces in
tic emission signals measured until the beginning andhe rod.
the end of the first increase. Fig. 13 shows a plot of the A complete understanding of the sensitivity of the
sum of the number of acoustic emission signals up tdransducer placement will require an understanding of
the first vertical splitting versus the percent of the rodwave propagation along a cylindrical rod. It appears
covered by the planar crack to the first vertical split-that once vertical splits are formed on the rods surface,
ting, for tests in which good data was obtained. Thethe difference in sensitivity is lost. Additional work is
results shown in Fig. 13 clearly demonstrate that thecurrently underway to understand and determine the
crack propagation perpendicular to the fibers generatezause of this behavior.
acoustic emission with the sum of events proportional The effects of cyclic loading conditions on the fail-
to the size of the first transfer brittle fracture crack.ure of glass fiber/polymer unidirectional composites
Knowing the density of fibers within the composite, it have been investigated by several researchers [14-16].
is possible to estimate the number of fractured fiberdn particular, Cartis [15] studied the effect of load cy-
in the first planar crack area. If we compare the sum ofle tensile fatigue (10 Hz) on the failure properties of
acoustic emission events, without the signals from then E-glass fiber/epoxy composite. It was concluded in
first peak, the total number of signals is several timeghat study that splitting along the fibers was the primary
lower than the number of fractured fibers on the planadamage growth mechanism. Similar observations were
fracture surface before splitting. However, if the data inmade by El Kadi and Ellyin [16]. This might explain
the first peak are included the sum of acoustic emissiothe difference in the morphology of the fracture sur-
is approximately four times larger than the number offaces in the rods generated under static and cyclic load-
fractured fibers estimated from the size of the crackd$ng conditions. Since the splitting formation along the
and the volume fraction of fibers. In the initial stages offiber/matrix interfaces is more likely in fatigue, more
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steps will develop on the stress corrosion fracture sureyclic loading. Other minor differences in crack mor-
face. It is apparent from the results presented in Fig. phology also occur as discussed earlier. The application
that the effect of low frequency cyclic tension/tensionof acoustic emission for the monitoring of stress cor-
fatigue is significantly stronger on the stress corrosiorrosion cracking in the rods has been partially success-
fracture process in the rods than the effect of the overful. Good correlation between the number of acoustic
load. An increase in the applied tensile loads on theemission signals from the transverse crack propaga-
rods by 8% did not result in a noticeable change in theion process and the size of the planar crack has been
morphology of the fracture surfaces. It can thereforeshown. However, a precise monitoring of the process
be concluded that low frequency low amplitude ten-by counting individual fibers from acoustic emission
sion/tension fatigue can significantly alter the nature ofsignals has not been possible. Moreover, the acoustic
the brittle fracture process in composite suspension inemission generated during the brittle fracture process
sulators. The cyclic loading conditons in the stress corin the composite rods seems to be strongly dependent

rosion experiments on the E-glass/polyester rods simuwsn the position of the AE transducers.

lated the possible vibrations of the conductors (aeolian
vibrations) and suspension insulators caused by sm
winds [17].

The stress corrosion experiments on the GRP rod‘g
were performed under the conditions which could exis
in-service. The mechanical loads applied to the insula
tors were very similar to the in-service loads caused bﬁ/
the weight of transmission lines. For example, a 345 k
insulator with the rod diameter of 16 mm can be sub-
jected to loads up to 27 kN. This is the load whic
was used in the rod experiments. Moreover, the ten
sion/tension fatigue conditions applied in the testing
simulated typical low frequency, low magnitude aeo-

o
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