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Fatigue crack propagation studies were performed in medium density polyethylene pipe to 
elucidate the damage mechanism associated with pipe failure. Past pipe testing methods 
required up to several years to produce failures which mimicked those observed in the field. 
However, by fatiguing a specially designed test specimen, brittle failure, resembling that 
observed under service conditions, was produced in only three days. It was determined that 
the method of loading and the crack plane orientation greatly affect the degree and extent of 
brittle crack propagation. In some specimen geometries, the initial brittle fracture may undergo 
a transition to a more ductile failure mode. The damage which precedes the crack tip during 
brittle cracking is a root craze and two smaller side crazes; these crazes are primarily composed 
of yielded membranes which are oriented normal to the crack propagation direction, rather 
than being composed of fibrils. The number and length of these crazes was shown to be 
dependent on the chosen test geometry. 

1. Introduct ion  
Long-term load-bearing structural components, such 
as polyethylene fuel gas pipes, require accelerated 
testing to ascertain satisfactory service life per- 
formance. Many accelerated pipe test methods have 
been developed. Some of these methods are: the 
hydrostatic strength test [1], constant tensile load 
method [2], compressed ring test [3], and bent strip 
test [4]. Elevated temperatures and/or environmental 
stress cracking agents have also been used with these 
tests to accelerate failure [5, 6]. Regardless of the test 
method chosen, it should be capable of producing 
quickly a brittle crack that mimics cracks observed in 
the field, and it should be based on a sound theoretical 
foundation. 

As most of the above-mentioned methods require 
formidably long times (up to several years) to produce 
brittle failures, fatigue has been used to accelerate 
brittle cracking [7-9]. Fatigue significantly reduces 
the testing time and can be used to mimic field failure. 
Fundamental material parameters can also be ex- 
tracted from fatigue tests by applying thermodyn- 
amics to the irreversible cracking process E8]. There- 
fore, fatigue methods meet all the requirements of an 
accelerated pipe test. 

In this paper, we will focus on one aspect of fatigue 
testing - the mechanism of crack propagation. 
Through careful sectioning and microscopy, we will 
determine the fatigue mechanism and show how dif- 
ferent loading methods and crack plane orientations 
can be used to re-create field failure in the laboratory. 
We will also examine the microstructure of the craze 
which precedes the crack and see how it differs from 
crazes observed in other polymers. 

2. Experimental procedure 
Extruded medium-density ethylene/butene copolymer 
(MDPE) pipe, which was produced in the 1960s, was 
provided by Philadelphia Electric Co. The pipe had an 
average outside diameter of 115 mm and a minimum 
wall thickness of 11 ram. Several different specimen 
geometries were prepared from the pipe (Fig. 1). These 
geometries are designed to examine the effect of speci- 
men thickness, plane of crack propagation and load- 
ing configuration on the fracture mechanism (Table I). 

One of these geometries was a 28 mm wide arc- 
shape specimen with stainless steel reinforced 6 mln 
diameter loading holes drilled 25 mm apart. A 2.5 mm 
deep razor notch was introduced equidistant from 
each loading hole on the inner radius of the arc after 
the specimen had been placed in liquid nitrogen for 
approximately 30 rain to reduce notch tip damage. 
After the specimen was secured in an MTS servo- 
hydraulic testing machine with a pair of clevis grips 
(Fig. 2), it was subject to sinusoidal tension-tension 
fatigue at 0.5 Hz, using a maximum load of 5.62 MPa 
( ~ 25% cyy). An R ratio (CYmin/CYm,x) of 0.1 was used to 
minimize creep effects. 

The other specimens - single edge notch, block, and 
trapezoid - were milled from the locations shown in 
the pipe in Fig. 1. These specimens were notched to a 
2.5 mm notch depth on the side which was closest to 
the inner radius of the pipe. They were then secured 
with regular flat grips and subject to the same loading 
conditions as the arc specimen. 

In order to determine the evolution of damage 
associated with the crack tip, some arc tests were 
interrupted and the specimens were removed prior 
to failure. Sections to observe the damage zone sur- 
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TAB L E I Specimen configurations 

Specimen Dominant Loading method Crack plane 
stress state orientation 

Arc Plane strain Point load (pins) C-R 
SEN Plane stress Uniform far field L R 
Block Plane strain Uniform far field L R 
Trapezoid Plane strain Distributed point load C-R 

(gripped near fracture) 

tion in the pipe material, it was necessary to thin each 
section to 100 gm and to apply a permanganate-acid 
etchant to elucidate the damage zone [10]. After 
completing this procedure, transmitted light micro- 
scopy was used to determine the size and evolution of 
the craze zone. 

Some samples were stretched to their original dis- 
placement and then gold-sputtered so that the craze 
microstructure could be observed on a Jeol JSM 35CF 
scanning electron microscope. 

Figure 1 Origin of specimen geometries in the pipe. 

0 

25ram 

Figure 2 Schematic diagram of arc specimen and its gripping 
fixtures: (a) and (b) upper and lower clevis grips, (c) arc specimen, 
(d) reinforcing steel tube, and (e) notch. The vertical arrows repre- 
sent the loading direction. 

3. Results and discussion 
As discussed earlier, most pipe test methods require 
formidably long test times to produce a fracture which 
resembles the brittle failures which are generally asso- 
ciated with gas pipeline leaks. This testing time can be 
reduced by increasing the load. However, the resulting 
failure then becomes ductile. Thus, a great need has 
existed for a pipe test method which quickly produces 
a failure that mimics failures observed in the field. By 
using fatigue as an accelerating agent, we have de- 
signed a test which produces a fracture surface which 
is nearly identical to that of a field failed pipe. To 
develop such a test, the mechanism of crack propaga-  
tion was scrutinized in the arc specimen, and then the 
effects of the loading method and crack plane orienta- 
tion on the failure mode were determined. Therefore, 
the following section will describe in detail the fracture 
mechanism observed in the arc specimen. The arc 
specimen was extensively studied because of its greatly 
reduced testing time as compared with the other test 
geometries (Table II). This shorter testing time 
permitted the fracture and interrupted fracture of 
more specimens, and hence a better understanding of 
the failure mechanism. The last section will then show 
that while the same fracture mechanism exists in all of 
the test geometries, certain factors (loading method 
and crack plane orientation) affect the extent of 
damage, and hence the brittleness of the fracture. By 
correctly setting these variables, a pipe test has been 
designed that re-creates field failure in less than three 
days. 

rounding the crack were prepared by using a low- 
speed saw to cut the specimens in a plane parallel to 
the crack propagat ion direction and orthogonal  to the 
fracture surface (side view). Sections in a plane parallel 
to the crack front and orthogonal  to the fracture 
surface were also removed from the damage zone 
(front view). Because of the high degree of pigmenta- 

3.1. Mechanism of crack propagation 
3. 1.1. Brittle-ductile failure regions 
The first indication of the crack propagat ion mech- 
anism may be obtained from the fracture surface of the 
arc specimen. A low-magnification micrograph shows 
evidence of two different regions (Fig. 3). During the 
early stages of crack propagation, the fracture surface 
is macroscopically flat with four apparent arrest lines, 
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T A B L E I I Kinetics of crack propagation for different specimen configurations 

Stage Number of cycles 

Arc Block Trapezoid SEN 

Crack initiation 11 000 22 000 90 000 44 000 
Brittle crack propagation 9000 37 000 29 000 87 000 
Ductile crack propagation 10 000 1000 1000 4000 

Total 30 000 60 000 120 000 135 000 

Figure 3 Fracture surface of arc specimen showing the notch and the brittle and ductile crack propagation regions. 

Figure 4 Birefringent zone of arc specimen indicating large-scale yielding and/or orientation in the ductile crack propagation region. 

indicative of a discontinuous brittle failure. As the 
crack length increases, the fracture surface becomes 
rougher due to the presence of more yielded material. 
In this ductile region, if there are any arrest bands, 
they are hidden by the large retracted fibrils. This 
transition in fracture surface topography is indicative 
of a change in the fracture mechanism from a brittle 
failure mode to a ductile one. 

This gradual brittle to ductile transition can also be 
observed by removing a thin section from a plane 
normal to the fracture surface and parallel to the crack 
propagation direction (side view). Upon examination 
of this section under cross-polarized light, one imme- 
diately notes a large birefringent zone, which is indic- 
ative of significant material yielding and orientation 
(Fig. 4). This zone indicates the extent and location of 
ductility during crack propagation. At shorter crack 
lengths, the size of the zone is very small, reflecting the 
constrained ductility in that area. However, near a 
5 mm crack length the birefringent zone becomes 

much larger, which is an indication of the increasing 
amount of ductility associated with the fracture. The 
point of birefringent zone expansion is concurrent 
with the change in fracture surface topography and 
the development of extensive side crazing. All these 
features demonstrate that the initial brittle fracture 
becomes progressively more ductile as the crack 
grows. 

Fig. 4 .also shows that, within the brittle crack 
propagation region, a number of crazes are associated 
with the crack. As the crack propagates, the number 
and size of crazes increases and the large-scale mater- 
ial yielding, as evinced by the birefringent zone, is 
superimposed on these crazes. Since damage during 
brittle crack propagation is composed of crazes, and 
since very brittle cracks (like those in field-failed pipe) 
have very small damage zones, we must first under- 
stand the crack propagation mechanism and then 
reduce the extent of crazing associated with brittle 
crack propagation in order to mimic field failure. 
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3. 1.2. Discontinuous crack growth 
Having identified the brittle and ductile regions of 
crack propagation, a closer examination of the brittle 
region of the arc specimen's fracture surface is 
warranted. Low-magnification scanning electron 
microscopy shows that each arrest line and the corres- 
ponding propagation band display a similar structure 
to the previous arrest line and band (Fig. 5). By 
looking across a propagation band in the crack propa- 
gation direction, it is noted that the macroscopically 
flat propagation band has an intial area which is 
microscopically rough. The surface of the band be- 
comes progressively smoother as the next arrest line is 
approached. This change in fracture surface features is 
repeated in each band. The only apparent difference 
between bands is the increased band width and larger 
broken fibrils at longer crack lengths. The following 
discussion will demonstrate that these repeating dis- 
continuities are a result of the evolving craze zone 
which precedes the crack. 

Higher magnification of a propagation band reveals 
a great deal of material deformation, voiding, and 
micro-scale yielding (Fig. 6). From this observation, it 
is clear that the macroscopically flat brittle failure 
regime involves constrained local ductility. The ductil- 
ity becomes less constrained as the crack length in- 
creases, and the amount  of material yielding increases 
as a consequence. 

From the similar arrest lines and yielded material, 
the fracture surface shows that some type of repetitive, 
discontinuous mechanism - which becomes more 
ductile at longer crack lengths - controls fracture in 
this specimen. However, it would be difficult to deduce 
a model of crack propagation from the fracture sur- 
face alone. Therefore, by also examining the micro- 
graphs of interrupted arc experiments, the mechanism 
of crack propagation can be better defined. 

Figure 6 Higher-magnification SEM micrograph of brittle crack 
propagation region of fracture surface showing microductility. 

3. 1.3. Damage-zone profiles 
Cracks were propagated to a preset length, at which 
the arc specimens were removed from the machine, 

Figure 7 Sections removed from the centre of interrupted arc 
specimens. The craze zone maintains the same configuration but 
increases in size with crack length. 

Figure 5 Low-magnification SEM micrograph of brittle crack 
propagation region of fracture surface. The vertical arrows mark the 
position of the arrest lines. The crack propagation direction is from 
left to right. 
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and a thin section normal to the crack plane and 
parallel to the crack propagation direction was re- 
moved from the center of the specimen. The damage in 
these "side views" is representative of what is hap- 
pening throughout the majority of the specimen; the 
plane stress effect of the edge masks the interior craze 
zone. At each crack length, the side views of the 
damage zone show a large wedge-shaped main craze - 
the root craze - which extends into the material from 
the crack tip (Fig. 7). Side crazes, which usually origin- 
ate at or near the crack tip, are observed above and 
below the root craze. Polyethylene craze zones of 
similar shape have been previously reported under 
different loading conditions [11-13]. Damage zones, 
consisting of main root crazes and smaller "peri- 
pheral" crazes, similar to our side crazes, have also 
been reported in fatigued polypropylene [-14]. 



The flanking structures of the damage zone have 
been termed "side crazes" because their microstruc- 
ture is similar to the root craze; however, it should be 
realized that a shear component  exists with these side 
crazes. A shear displacement across the side crazes is 
indicated by the misalignment of extrusion lines 
through which the side crazes have propagated 
(Fig. 8). Swei et al. [11] observed a similar damage 
zone in monotonically loaded polyethylene, and by 
using birefringence, they concluded that the flanking 
structures resembled shear bands. It has also been 
noted that under certain loading conditions in poly- 
styrene, crazes and shear bands may have a very 
similar morphology [15]. Thus, our side crazes dis- 
play some characteristics of both shear bands and 
crazes. 

These side crazes and the much larger main root 
craze constitute the damage zone which precedes the 
crack. This craze zone maintains the same configura- 
tion while in the brittle regime, but grows in overall 
size as the crack length increases. Upon entering the 
ductile regime (crack length > 5 mm), the length and 
number of side crazes increases and the spacing of the 
side crazes becomes irregular (Figs 4 and 8). The 
sequence of micrographs from the brittle crack propa- 
gation regime shows that as the crack advances, it 
grows through the root craze, leaving the side crazes 
to collapse along the free surface of the newly formed 
crack (Fig. 7). The crack will arrest as it approaches 
the end of the root craze because of a lack of sufficient 
damaged material through which it may propagate. 
From the arrested crack tip a new set of root and side 
crazes will develop, and the cycle will be repeated. 

This model of damage growth and brittle crack 
propagat ion is supported by comparing the fracture 
surface and a side view of a failed specimen. It is 
generally agreed that the lines on the fracture surface 
which are orthogonal to the crack propagation direc- 
tion are the result of an arrested crack front, and hence 
are referred to as arrest lines. Since these arrest lines 
would mark the position of a temporarily stationary 
crack tip, according to the proposed propagation 
mechanism, a side craze should occur under, and 
originate at, each arrest line. Fig. 9 is a montage of 
the fracture surface and corresponding side view of a 

Figure 9 Montages of the partial fracture surface and correspond- 
ing side view of an arc specimen, showing the correlation between 
the arrest lines and the origin of side crazes. (The thin vertical lines 
are a result of overlaying the micrographs and not a result of the 
fracture process). 

Figure 10 SEM micrograph of voids and continuous material 
yielding in the root craze. 

failed arc specimen. (The thin vertical lines are caused 
by the overlaying of micrographs and not a result of 
the fracture process.) This figure indeed shows that 
each arrest line on the fracture surface marks the 
origin of a side craze below the fracture surface. 
Therefore, it appears that the proposed discontinuous 
crack propagation mechanism is quite accurate. A 
similar fatigue crack propagat ion mechanism and an 
analogous damage zone have been identified in poly- 
carbonate [16]. Skibo et al. [17] have also identified 
the same type of discontinuous crack propagation 
mechanism in several different polymers. 

Figure 8 Micrograph of the crack tip and surrounding damage in 
the ductile crack propagation region (a = 6.9 mm). The arrows 
mark shear displacement in extrusion lines which have been inter- 
sected by side crazes. 

3. 1.4. Craze microstructure 
As crazes constitute the damage mechanism associ- 
ated with brittle failure, and since the purpose of this 
study was to understand brittle failure in polyethylene 
pipe material, a closer look at the craze microstructure 
is in order. A section such as the one in Fig. 4 was 
removed from the centre of the specimen while the 
crack was still within the brittle crack propagation 
region and was examined using SEM. The damage in 
this section is representative of the damage through 
most of the specimen thickness; plane stress yielding is 
present near the edges. This section (Fig. 10) shows 
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that the damage mechanism within the root craze is a 
combination of fibrillation and continuous material 
yielding. Continuous material yielding represents the 
dominant mode of deformation at the craze tip, but 
the larger craze opening displacement near the crack 
tip favours deformation by fibrillation. However, these 
fibrils are not well-defined single entities like those in 
the image of a polystyrene craze [18]. Rather, the 
"fibrils" appear to be the ends of fibrillated mem- 
branes which extend through the craze in a direction 
which is relatively parallel to the crack front (Fig. 11). 
A very similar yielded film has been observed at the 
crack tip in creeped polyethylene. The existence of the 
film was attributed to a localized plane stress state 
within the thick specimen [13]. These membranes are 
not singular, but rather, are interconnected to form a 
network of yielded material. This continuous yielded 
material is comparable to the fibrous sheets observed 
in tensile fractured shear bands 1-19]. The similarity of 
these structures again suggests shear deformation 
within the craze zone. The voids which occupy the 
space between the membranes in the arc specimen 
may be considered as capped tunnels which vary in 
size and shape and may be connected by tears or holes 
in the membrane. The existence of i/arying degrees of 
these features throughout the craze results in an 
extremely complex craze microstructure. 

If sections which are orthogonal to the sections 
above are removed from the damage zone, a more 
comprehensive vision of the craze zone can be at- 
tained. Such a front view, observed at the crack tip, in 
which the crack propagation direction is into the page, 
shows the presence of the continuous membrane 
which was discussed above (Fig. 12). Although the 
membrane appears impervious, at higher magnifica- 
tion, fibrillation and the accompanying voids may be 
observed (Fig. 13). On the other hand, there are also 
flat regions of continuously yielded material which 
may appear relatively close to the fibrillated region. 
The fibrillation of the membrane is a result of the high 
degree of strain across the craze. The material con- 
tracts laterally as the membrane is strained (Poisson 
effect), thus resulting in voids. The fibrillar size varies 
from about 130 to 230 nm, which is much larger than 
the 4 to 60 nm fibril diameter observed in many glassy 
polymers [20]. However, we have estimated the vol- 
ume of material within the craze to be about 50%, 

Figure 12 Continuous yielded membrane  found in the root craze. 
Crack propagation direction is into the page. 

Figure 13 Fibrillation of membrane in Fig. 12. 

Figure 14 Craze morphology near the craze tip is a combination of 
voiding and membrane yielding. Crack propagation direction is 
into the page. 

which lies in the 40 60% range observed for other 
plastics [20]. Upon fracture, it is the broken fibrils 
which were originally part of the membrane network 
that are observed on the fracture surface. 

Another section which was removed in the same 
plane but closer to the craze tip (Fig. 14) revealed a 
structure which closely resembled the structure ob- 
served in the side views. This other front view shows 
areas of continuous yielded membranes and columns 
of vertically oriented material, which are the ends of 
other membranes oriented in the crack propagation 
direction. Thus, it can be concluded that at the crack 
tip, a large yielded membrane is oriented along the 
crack front, and the supporting structure within the 
craze is a network of randomly oriented membranes. 

Figure 11 SEM micrograph of membrane  ends in the root craze. 
The crack propagation direction is from left to right. 
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3.2. Increasing the brittle failure contribution 
3.2. 1. Effect of specimen thickness on 

crack propagation mechanism 

Having established the crack propagation mechanism 
and craze microstructure, the effect of several variables 



on the extent of brittle crack propagation will be 
investigated. Specifically, we would like to be able to 
examine the effect of crack - specimen configuration 
on the magnitude of the brittle crack propagation 
region. The first variable to be examined which may 
affect the brittleness of failure is the effect of the 
specimen thickness. In order to do this, a 2 mm thick 
single edge notch (SEN) and a much thicker (28 mm) 
block specimen are compared under the same loading 
conditions (Fig. I and Table I). 

Fig. 15 shows montages of the complete fracture 
surface of the SEN and a partial fracture surface of the 
block specimen. These micrographs show that while 
the block specimen has a relatively flat fracture surface 
throughout its width, the SEN specimen demonstrates 
material yielding and pull-out in the later stages of 
crack propagation. Since a flat fracture surface is an 
attribute of brittle failure, this difference indicates that 
the block specimen produces a more brittle failure 
than does the SEN. If one examines the corresponding 
side views of these specimens (Fig. 16), the same con- 

clusion can be drawn. Where the block specimen has 
small thin singular side crazes, the SEN has thick 
groups of side crazes. These micrographs show that 
the extent of crazing was greater during crack propa- 
gation in the SEN specimen; hence, because of the 
smaller amount of crazing and flatter fracture surface, 
the block specimen produced a more brittle failure 
than the SEN. The same mechanism exists in both 
these specimens. However, the plane strain condition 
has constrained the amount of crack tip damage 
(crazing). 

3.2.2. Effect of crack plane orientation 
and specimen bending 

Although it is not surprising that the thicker (more 
plane-strain contribution) block specimen produced 
a more brittle failure than the SEN specimen, it is 
surprising that the arc, which is the same thickness 
(28 ram) as the block, produces a shorter brittle crack 
propagation region than does the SEN (Fig. 17). If the 

Figure 15 Montages of the complete SEN fracture surface and partial block fracture surface. The vertical arrows mark the notch position, 

Figure 16 Montages of side views of SEN and block specimens. The vertical arrows mark the notch position, 
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Figure 17 Montage of the complete SEN fracture surface and partial arc fracture surface. The vertical arrows mark the notch position and the 
beginning of complete ductile failure. The crack propagation direction is from left to right. 

Figure t8 Montages of the partial fracture surfaces of the arc, block, and trapezoid specimens. The vertical arrows mark the notch position 
and the beginning of complete ductile failure. The crack propagation direction is from left to right. 

origins of the block and arc specimens are compared 
(Fig. 1), two differences are immediately noticed. The 
first difference is that the crack plane orientations are 
different in these two specimens (Table I). The block 
has an L-R and the arc has a C-R  crack plane 
orientation [21]. Using this designation the first letter 
represents the direction normal to the fracture surface, 
while the second letter represents the crack propaga-  
tion direction: L = longitudinal, R = radial, C = 
circumferential. The other difference is the load distri- 
bution associated with each specimen. Whereas the 
block specimen had a uniformly distributed far-field 
load, the arc specimen was point-loaded (pins went 
through the specimen). Because of this gripping 
method, the arc specimen was free to rotate around 
the pins as the crack propagated; obviously, the block 
specimen could not rotate. The trapezoid specimen 
was created because of these two differences (Fig. 1). 
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This specimen is very similar to the arc. However, it 
was created with two parallel faces so that it could be 
loaded using standard flat grips which prevent speci- 
men rotation. Therefore, by comparing the trapezoid 
and the block, the effect of crack plane orientation can 
be determined, and by comparing the trapezoid and 
the arc the effect of the arc specimen's rotation on the 
loading pins can be determined. 

Fig. 18 is a comparison of montages of the partial 
fracture surfaces of the arc, block, and trapezoid speci- 
mens. (The frequent vertical lines are a result of 
the overlaying of micrographs and not a result of the 
fracture process.) By comparing the trapezoid and the 
arc fracture surfaces, it is obvious that the brittle crack 
propagation region is much larger in the trapezoid 
than it is in the arc. This difference indicates that 
specimen rotation must be subdued to increase the 
extent of brittle crack propagation. From Fig. 18 it 



Figure 19 Side views of arc, block, and trapezoid specimens. 

Figure 20 Fracture surfaces of trapezoid specimen and field-failed 
pipe [22]. The crack propagation direction is from top to bottom. 

can also be noted that the trapezoid has a flatter 
fracture surface than the block. This difference indic- 
ates that the C R crack plane orientation produces a 
more brittle failure than does the L -R  crack plane 
orientation. 

These conclusions are confirmed by comparing the 
side views of these three fractured specimens (Fig. 19). 
The arc specimen contains very large side crazes. The 
block specimen has thin singular side crazes, and with 
the exception of the initiation and final ligament 
regions, the trapezoid specimen is void of side crazes. 
Again, this shows that by preventing specimen rota- 
tion and using a C R oriented crack, a very brittle 
fatigue failure can be created. Although the same 
crack propagation mechanism exists in each of these 
specimens, the adjustment of several variables has 
extended the region of brittle crack propagat ion 
across the entire specimen width, and the amount  of 
damage (crazing) accompanying fracture has been 
significantly reduced. 

Figure 21 Microscopic comparison of trapezoid and field-failed 
[22] fracture surfaces. 

3.2.3. Comparison with field failure 
Since the objective of creating a more brittle failure 
was to mimic field failure, we will now compare the 
most brittle of the geometries - the trapezoid - with a 
field-failed specimen [22]. Fig. 20 shows that both the 
trapezoid and field failure have very similar macrosco- 
pically flat fracture surfaces, marked by several river 
lines. The similarity of these two specimens is striking, 
especially considering that the crack in the field-failed 
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pipe may have propagated for several years, whereas 
the trapezoid failure was created in three days. On a 
microscopic level, the same open fibre morphology is 
observed in both the field failure and the trapezoid 
specimen (Fig. 21). The likeness of these two surfaces is 
amazing, especially when one considers the difference 
in failure times. This comparison shows that fatigue 
can indeed be used as an accelerator in a test method 
which mimics the failure of pipes in service. 

4. Conclusions 
Fatigue fracture of M D P E  pipe specimens occurs by 
a repetitive discontinuous mechanism in which the 
crack tip damage consists of a root craze and two 
smaller side crazes. The initially brittle fracture be- 
comes progressively more ductile at longer crack 
lengths; the extent of damage increases with crack 
length. This ductility can be subdued by using a non- 
bending specimen with a C-R oriented notch. Such a 
specimen fails in three days and produces a fracture 
which closely resembles fractures observed in the field. 
A forked craze zone which consists of a main root 
craze and two smaller side crazes precedes the crack. 
These crazes are composed of yielded membranes 
rather than fibrils. At the crack tip a continuous 
membrane exists along the crack front; however, with- 
in the craze, the supporting structure is a network of 
randomly oriented membranes. Large-scale material 
deformation occurs outside the crazes and can be 
observed under polarized light. 
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