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A newly developed fatigue method of determining the value of the J-integral at crack initia-
tion, J, ., was tested on single-edge-notch-tension (SENT) specimens of a high-density poly-
ethylene (HDPE). The fatigue method is able to propagate plane-strain brittle cracks in thin
specimens which more closely approximate the “in-use” thickness, and hence the “in-use”
morphology, of the polymer. This newly developed fatigue method was compared to ASTM
standard procedure E813 (the ASTM method), which employs thick single-edge-notch-bend
(SENB) specimens. Because of the similar size and shape of the crack-tip damage zone, the

J1c
method and fatigue method, respectively).

values for both methods were nearly identical (J,, =1.8 kd m~2, 1.4 kJ m~2 for the ASTM

1. Introduction

Load-bearing polymeric components are subject to a
host of stresses which may vary in intensity and
frequency over the lifetime of a structure. As a result of
these varied stresses, small brittle cracks may initiate
from surface scratches or internal flaws and slowly
propagate. Eventually, these small propagating cracks
will lead to the failure of the component. These brittle
cracks are characterized by very small damage zones
at the crack tip and macroscopicaily flat fracture
surfaces. While these polymers may develop brittle
cracks during use, in simple monotonic-tension tests
the material can display a gradual yield and high
elongation at break, i.e. ductile behaviour. Thus, an in-
depth understanding of the resistance of ductile mater-
ials to brittle-crack initiation is critical to their use in
engineering structural components which experience
low stresses over extended periods of time.

One method which is often proposed to test the
resistance of a ductile polymer to plane-strain brittle-
crack initiation is given in ASTM procedure E813 (the
ASTM method) [1]. Several attempts to measure the
value of the J-integral at crack initiation, J,, of
polymers have been made using the ASTM method,
modifications of the ASTM method, and other
J-integral methods. When alterations to the ASTM
standard method are limited, values of J, for high-
density polyethylenes (HDPEs) vary from 0.2 to
2.5kIm™?% [2-5]. J,. values for HDPE specimens in
plane stress have been reported as high as 185 kJm ™72
[6]. In one case, a J,;c value of 99.5kIm™? was
reported for an ultrahigh-molecular-weight polyethyl-
ene (UHMW PE), but this high value was also believed
to be caused by localized plane-stress conditions at the
crack tip [7]. J,¢ 1s also sensitive to the strain rate of
experiments. Varying the strain rate has caused
HDPE J,, values to vary from 1.6-40 kI m~2 [8]. In
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the latter study, the ranking of different HDPESs, by
their J,, values, changed when the strain rate was
varied [8]. Thus, for one type of material rather large
fluctuations in J, - have been recorded. Similarly, very
large fluctuations have been noted in K, a fracture-
toughness parameter which is related to J,. [9].

In addition to the effect of varied strain rates,
different laboratories may employ dissimilar pre-
cracking or notching methods, as well as different
crack-extension measurement techniques. Variations
in any of these factors can alter the J, - value obtained.
As a result, a great deal of caution must be exercised
when comparing J,. values reported from different
laboratories. From a brief literature survey, it seems
that many polymers have J,. values in the same
approximate range, i.e., 1-10kJm~2 [5, 10-17]. The
relatively small range of polymeric J, ¢ values, as well
as the many factors contributing to the scatter of any
one value, can make material differentiation on the
basis of J, difficult. However, some intralaboratory
material comparisons have been able to use J, to
distinguish between different polymers [4, 18].

The ASTM method uses thick monotonically load-
ed specimens to determine the value of the J-integral
at initiation, J,.. For some materials, this method
works very well. However, some tough resins do not
initiate a brittle crack under the monotonic-loading
conditions of the ASTM method, rather they fail by a
ductile-yielding process. In addition, the very thick
specimens required to produce plane strain by this
method may have significant morphological differ-
ences from the thinner components into which the
polymer is moulded for practical applications. Since
fracture resistance is affected by morphology, this
thickness difference may result in differences in frac-
ture toughness between the specimen and the actual
component.
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These limitations can be overcome by our newly
developed fatigue method of determining J,.. This
method applies the energy definition of the J-integral
to a fatigue test. Using this technique, J, values are
calculated which are similar to those obtained using
the ASTM method. However, the fatigue method is
able to produce brittle fractures in thin specimens of
very tough materials. This paper reexamines the use of
the ASTM method and introduces a new procedure,
based on fatigue-crack propagation, which permits the
calculation of J .

2. Experimental procedure

2.1. ASTM method

Using thick compression moulded single-edge-notch-
bend (SENB) specimens, the ASTM method was fol-
lowed to determine the J;. value of a HDPE. The
SENB specimens were cut from 27 mm thick, com-
pression moulded, plaques provided by Quantum
Chemical Corporation. The specimen dimensions are
shown in Fig. 1.

The specimens were fatigue precracked from a
17 mm deep machined v-notch until the fatigue pre-
crack at midthickness was 19-27 mm long. The load
during precracking cycled from 14-140 kg at a fre-
quency of 0.5 Hz. After fatigue precracking, the speci-
men was allowed to relax for one day to minimize the
residual stress effects of the precracking procedure.
The actual test entailed monotonically loading the
specimen at 1 mm min~* until it was judged that crack
growth had occurred. At that point, the specimen was
unloaded at the same rate. The load—displacement
plots were recorded during the monotonic loading
and unloading periods.

In order to observe the crack-tip damage zone and
to ascertain the crack-tip location, the unloaded speci-
mens were cut in half along their midthickness. From
one half of a specimen, thin sections were removed for
transmission optical microscopy of the crack-tip re-
gion. The other half of the specimen was fractured at a
high rate to reveal the fracture-surface features. Thus,
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Figure 1 Geometries of the ASTM SENB and SENT specimens.
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the crack extension, Aa, was determined with a high
degree of accuracy. The J-integral was computed from
the load—displacement curve (Section 3.1., 3.2.).

2.2. Fatigue method

Because of differences in morphology between thick
specimens (ASTM method) and the thinner compon-
ents of the polymer used in applications, it is desirable
to be able to determine J, from specimens which
approach the actual thickness in service. That is, in
order to more accurately predict the fracture tough-
ness of a loaded-polymer component, a fracture-
toughness test should use specimens which are about
the same size as the component, i.e. less than 5 mm
thick. Therefore, from the same thick compression-
moulded plaques of HDPE from which the ASTM
specimens were cut, 4 mm thick single-edge-notch-
tension (SENT) specimens were prepared.

The SENT specimens were notched by pressing a
razor blade to a 5 mm depth; the specimen dimensions
are shown in Figure 1. When properly fixed in the
servohydraulic testing machine, 60 mm of specimen
remained between the grips. The SENT specimens
were fatigue loaded using a 0.5 Hz sinusoidal wave-
form to minimize hysteretic heating. The zero min-
imum load simplified the potential-energy measure-
ment by eliminating the need for extrapolation to the
x-axis (Sections 3.1, 3.3.). The maximum stress value,
Omay Used in this study was 8.2 MPa, which is about
30% of the material yield stress. Stress levels at this
percentage of the yield stress have previously been
shown to produce brittle failure in reasonable testing
times [19]. Load-displacement hysteresis loops were
recorded on an x—y plotter as the crack propagated.
The crack-tip position was monitored with a travel-
ling optical microscope. The crack extension was cal-
culated as the difference between the growing crack
length and the notch length.

3. Results and discussion
3.1. The J-integral
The J-integral is a path-independent integral pro-
posed by Rice [20] which describes the stress-strain
fields at a crack tip. The magnitude of the J-integral at
crack initiation, J ;. (the critical energy-release rate), is
considered a measure of the fracture toughness of the
material. J . is most commonly determined using the
ASTM method, which was originally designed for
metals, and it is now being sought for use with poly-
mers. This method entails monotonic loading and
unloading of the specimen, and the subsequent deter-
mination of J from load—displacement plots.
Because many plastics display ductile behaviour (i.e.
large-scale yielding) under monotonic loading, it
is necessary to make very thick specimens to constrain
the plasticity at the crack tip and thus produce plane-
strain conditions which initiate brittle cracks. The
large specimen thickness required for the ASTM
method severely restricts its usefulness, since moulding
such thick specimens may be difficult, and since most
polymeric components are too thin for direct testing.



For an elastic body, J is equivalent to the energy
release rate, G, and is defined as the change in poten-
tial energy, U, with respect to the change in crack
length, a, per unit thickness, B [21]

_1{dU 1
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For compact-tension or bending specimens, J may be
approximated using the area, A, under the load—
displacement plot and the equation [22]
24

J = Bb 2)
where B is the specimen thickness, and b is the width
of the stressed ligament. This calculation is illustrated
in Fig. 2. Equations 1 and 2 are also valid for the
elastic—plastic situation; however, in such a case, J
may hest be described as a measure of the stress—strain
field near the crack tip [21]. Since J quantifies the
deformation field at the crack tip, the value of J at the
onset of crack initiation, J,- may be used as a measure
of fracture toughness.

3.2. ASTM method

Following the ASTM method, 14 specimens were
monotonically loaded and unloaded, and J was calcu-
lated using Equation 2, as shown in Fig. 2. Ideally,
cach specimen would have experienced crack exten-
sion, Aa. However, measurable crack extension only
occurred in 12 of the specimens.

After testing, each SENB specimen was cut in half at
its midthickness plane. One half of the specimen was
fractured at a high rate to reveal the fracture surface,
while a section was cut from the other half for exam-
ination of the crack-tip profile. This sectioning tech-
nique was necessary because of ambiguous fracture-
surface features (Fig. 3). Fig. 4 shows the crack profile
and the accompanying half-fracture surface. Higher
magnification of the crack tip revealed a small craze
ahead of the crack tip. This craze is responsible for
creating the extra band seen on the fracture surface
(Figs 3-5). Without this type of careful microscopic
analysis, it is possible to mistakenly include the craze
in the crack-extension measurement and, as a result,
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Figure 2 A ASTM SENB loading and unloading curve. The
hatched area, A4, is used to approximate the J-integral by
J = 2A4/(Bb). Crack growth (Aa) for this specimen was 2.9 mm.
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Figure 3 Area on the ASTM SENB fracture surface where crack
growth occurred, showing ambiguous fracture-surface features be-
tween the precrack and rapid-fracture regions.

Figure 4 Comparison of partial ASTM SENB fracture surface and
the corresponding crack profile used to identify the crack-tip posi-
tion.

Jic will be underestimated. Likewise, Narisawa and
Takemori have reported [10] the importance of posit-
ively identifying fracture-surface features before trying
to measure crack extension.

After identifying the region of crack extension, Aa
was recorded as the maximum crack growth within
this region, as measured from optical micrographs.
The ASTM method recommends averaging nine
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Figure 5 Partial ASTM SENB fracture surface with each area
identified.

crack-growth measurements taken from the fracture
surface. Because excessive crack tunnelling obscured
the Aa region near the specimen edges, this nine-point
technique was replaced by measurement of (Ad),,.
Obviously, an averaging technique would produce
lower Aa mecasurements and hence a steeper J-R
curve (higher J o).

Having determined J and Ag, the data was plotted
with the blunting line, and the 0.15 mm, 0.2 mm, and
1.5 mm blunting-line offsets (Fig. 6). According to the
ASTM standard [1] the data which lies between the
0.15 and 1.5 mm blunting-line offsets (the dotted lines)
is acceptable. Within this data window, the points
must be distributed such that one point lies between
the 0.15 mm blunting-line offset and a parallel line
which intersects the abscissa at 0.5 mm. Another point
must be located between the 1.5mm blunting-line
offset and a parallel line which intersects the abscissa
at 1.0 mm. A minimum of four points are needed
between the 0.15 mm and 1.5 mm blunting-line offsets.
The seven filled symbols (B) in Fig. 6 meet these
requirements.

This restricted data window is intended to select the
region of crack growth in which J-integral analysis is
valid. Data which falis to the left of the 0.15 mm
blunting-line offset is excluded to prevent the inclu-
sion of crack-tip stretch phenomena. Excluding data
to the right of the 1.5 mm offset line ensures that any
crack growth is within the zone of dominance of the
crack-tip singularity fields [23]. This limit on crack
growth helps to ensure that J is a unique measure of
the stress and strain fields at the crack tip. However,
the 1.5 mm blunting-line offset may be overly restrict-
ive for bending specimens, since some tests suggest
that crack growths of 0.1b are acceptable [23]. For
these tests, the 0.15 limit would be near Aa = 3 mm.
Fig. 6 shows that the data (CJ) which are within the
0.15 limit, but outside the 1.5 mm blunting-line offset,
do follow the same trend established by the shorter Aa
data, which fell within the restricted ASTM data
window. Thus, in this case, a more liberal upper limit
may be appropriate.

Using the present ASTM method (E813-87[1]), the
acceptable J versus Ag data (M) fit a power-law curve
(Fig. 6). This power-law regression fit was preceded in
an earlier standard (E813-81) by a lincar-data fit. The
power-law fit more closely follows the actual data
points, but it also tends to yield lower J, ¢ values than
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Figure 6 The J-R curve for the ASTM method. The solid line
through the data points is a power-law fit to the filled points. The
unfilled points fall outside the ASTM data window. Blunting-line
( Yoffsets: (. . .) 0.15 mm, (- — =) 0.2 mm, and (- - -) 1.5 mm. The
insert shows the blunting phenomenon which is approximated by
the 0.2 mm blunting-line offset.

the linear fit. This earlier version also specified J, as
the intercept of the linear fit and the blunting line
(solid line). In the present ASTM method [1], the
intercept between the power-law fit (solid curve) and
the 0.2 mm blunting line offset (dashed line) is termed
the J, value (Fig. 6). Our J, value does not qualify as a
valid J, value because of excessive crack tunnelling.
Strict adherence to the ASTM method requires that
of nine Aa measurements along the crack front,
none differs by more than 7% from the average. On
some specimens, we observed a difference of over
15%. Thus, we report a J, value of 4.3 kJm ™2, rather
than J ..

This value was determined by adherence to the
standard, which assumes crack-tip blunting and thus
employs use of the 0.2 mm blunting-line offset, which
is simply a line parallel to the blunting line and which
has been shifted 0.2 mm on the x-axis. The blunting
line is described by the equation

J = 20,Aa 3)

where o, is the material yield stress. The use of the
0.2 mm blunting-line offset is meant to account for
crack-tip stretch effects which may be observed prior
to crack initiation, and be mistaken for crack growth.
In some cases, loading of a sharp notch may produce a
blunted notch with some apparent crack growth.
From the blunted notch, a sharp crack may sub-
sequently initiate (insert, Fig. 6). The 0.2 mm blunting-
line offset is used to exclude the apparent crack
growth due to blunting and thus approximate the
location of crack initiation from the blunted notch.
This blunting phenomenon is supported by some
workers and opposed by others [4, 10, 24]. Later, the
way the test conditions may determine whether or not
such a mechanism occurs is described.

3.3. Fatigue method

Our recently developed fatigue method of determining
J ¢ is similar to the ASTM single-specimen technique.
The ASTM single specimen technique follows the



procedure of the multiple-specimen technique de-
scribed above, except that, periodically during load-
ing, the specimen is partially unloaded so that the
crack length at that instant can be calculated from the
slope of the unloading curve (compliance method).
This technique enables several J-Aa points to be
obtained from one specimen. This single-specimen
method was originally applied to metals, which, be-
cause of minimal plasticity, only required slight un-
loading. However, because of increased crack-tip plas-
ticity, the application of this method to tough poly-
mers requires significant unloading to obtain an
accurate assessment of the specimen’s compliance
from the curved unloading trace. For example, single-
specimen testing of nylon was performed using a
minimum-to-maximum load ratio of approximately
two-thirds [25]. Because of the periodic unloading
and reloading, the single-specimen technique is essen-
tially a low frequency, high-R-ratio (O ,;,/0 max) fatigue
test, while the fatigue method is a medium frequency,
low-R-ratio technique.

Previously, J has been determined (using Equation
2) during fatigue tests and the results can then be
described by a Paris-type equation [26],

da/dN = CAJY (4)
This suggests that J, (or AJ,) plays a definite role as a
driving force of propagating fatigue cracks, which
implies that the crack-tip field, in fatigue, appears to
be J-dominated. Thus, if J can be determined during
fatigue-crack propagation, a J-Aa resistance curve
may be constructed. Upon appropriate extrapolation
of such a curve to the initiation point, J;c may be
obtained. Of course, a fatigue-testing window defining
Omaw Irequency, and specimen configuration ought to
be defined. This window will be framed by the test
conditions necessary to produce brittle-crack initi-
ation and propagation in a reasonable time period.

Expanding on this idea, fracture toughness can be
determined by applying the exact energy definition of
the J-integral (Equation 1), rather than the approx-
imation (Equation 2). According to this definition, J is
proportional to the change in potential energy with
crack growth, where the negative potential energy is
the area above the load-displacement curve (Fig. 7)
[21]. We recorded the load-displacement hysteresis
loops while fatiguing SENT specimens, which were
prepared from the same plaques as those used to
prepare the ASTM SENB specimens. The area above
the loading curve of the hysteresis loop is propor-
tional to the negative potential energy of the specimen
(insert, Fig. 8). The reproducibility of the fatigue ex-
periment is shown in Fig 8, where the negative poten-
tial energy is plotted as a function of the crack length
for three identical tests. Due to the scale of the meas-
ured quantities, the differeaces shown between the
three tests in Fig. 8 are minute. The differential of the
fit to each set of negative potential energy versus crack
length data will then be proportional to J (Equation
1). The change in crack length, Aa, during the fatigue
test is equal to the crack length at any point minus the
notch length.
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Figure 7 The area above the loading cutve is proportional to the
negative potential energy ( — U). As the crack grows from a to a
+ Aa, the area between the two loading curves is proportional to
the change in potential energy, — AU, associated with the incre-
ment of crack growth Aa, where t is the thickness. From: J. A. Begley
and J. D. Landes, “The J Integral as a Fracture Criterion”, ASTM
STP 514 Fracture Toughness (American Society for Testing and
Materials; Philadelphia, 1972) pp. 1-20.
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Figure 8 Evolution of the potential energy as a function of crack
length during three fatigue tests.

The average J-R curve calculated from the three
fatigue tests is shown in Fig. 9 along with the ASTM
method J-R curve and the blunting line (Equation 3).
The different slopes of the two J-R curves indicate a
different resistance to continued crack propagation.
Although crack-propagation resistance is a geometry-
dependent phenomenon, one will note that the curves
converge as the crack-initiation region (small Aa) is
approached. Fig. 9 is similar to behaviour observed by
Begley and Landes [27] in which J, . was determined
for two different specimen geometries.

3.4. Determining J,¢

When the J-R curves have been generated by the
ASTM method and the fatigue method, a J,. value
must be located on each curve. Since J . is the value
of the J-integral at crack initiation, the crack-initi-
ation point must be determined.
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Figure 9 J-R curves for the ASTM and fatigue conditions for
HDPE.

As previously discussed, the ASTM method [1]
recommends using the point at which the J-R curve
intersects the 0.2 mm blunting-line offset. This tech-
nique is meant to account for crack-tip blunting effects
(insert, Fig. 6). If the fatigue test is conducted at a
higher stress level (o, = 12.4 MPa), crack blunting
prior to initiation will occur (Fig. 10). In such a case,
use of the 0.2 mm blunting-line offset would be appro-
priate. However, at the stress level at which this fatigue
test was conducted (o, = 8.2 MPa), blunting is
minimal (Fig. 11) and therefore the use of the blunting-
line offset overestimates the amount of crack-tip
stretch prior to initiation.

These initiation processes were visible because the
fatigue specimens were only 4 mm thick. For the
ASTM SENB specimen, the crack-initiation process
could not be observed directly because the crack
initiated in the centre of the 27 mm thick, opaque
specimen. As an alternative to observing the crack at
initiation, microtomed sections were removed from
the thick ASTM SENB specimen after a crack had

—-— A .
O max = 12.4 MPa

0.5 mm

Figure 10 The crack-tip profile at initiation during a high-load-
level fatigue test which shows the blunting phenomenon described
in the insert in Fig. 6.
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Figure 11 The crack-tip profile at initiation during the actual low-
load fatigue tests. The crack profiles have been outlined.

initiated. By comparing the crack profile of the SENB
specimen to that of a fatigued SENT specimen which
had a comparable crack extension, the relative differ-
ence in brittleness (plane-strain contribution) between
the two specimens can be judged (Fig. 12). Although
the SENB specimen does have a slightly Jarger craze
than the fatigue SENT specimen, both cracks have a
similar sharp appearance. Since it is known that blun-
ting was minimal in the fatigue SENT specimen, we
assume that it was also minimal in the ASTM SENB
specimen because of the similarity in their crack-tip
profiles. This conclusion negates the use of the 0.2 mm
blunting-line offset and indicates that the initiation
point for both specimens must lie to the left (smaller
Aa) of the 0.2 mm blunting-line offset.

Having discounted the use of the 0.2 mm blunting-
line offset, a more accurate prediction of the crack-
initiation point must be made. If it can be ascertained
that absolutely no blunting occurred, the crack-initi-
ation point would correspond to the y-axis (Aa = 0).
However, since some blunting has occurred (but much
less than estimated by the 0.2 mm blunting-line offset)
an initiation point between the y-intercept (Aa = 0)
and the 0.2 mm blunting-line offset would be appro-
priate. In addition, because a power-law regression fit
was used for the ASTM data, choosing the y-intercept
as the initiation criteria would always yield a J,¢ of
zero for the ASTM method. Thus, we believe the
blunting line may be the best estimate of crack initia-
tion for these experiments. However, under different
loading conditions or different specimen geometries, it
would be necessary to observe the crack-initiation
phenomenon for each case and then determine the
appropriate location on the J-R curve which corres-
ponds to J ..

The intersection of the J—R curves with the blunting
line indicates a J,o of 1.8kJm~2 for the ASTM
SENB specimen and a J, ¢ of 1.4 kJm™? for the SENT
fatigue specimen (Fig. 9). These J,¢ values are within
the range for J,. (0.2-2.5kJm™?) reported in the
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Figure 12 Crack-tip profiles of interrupted fatigue and ASTM tests
shortly after initiation.

literature for HDPEs [2-5]. Considering that these
two methods differ in specimen geometry and speci-
men thickness, and that the two methods use very
different loading conditions, the agreement between
the two methods is excellent. This excellent agreement
can be explained by the fact that J is a measure of the
crack-tip deformation field, and since both methods
have crack-tip damage zones of similar size and shape
(Fig. 12), it was expected that they would have similar
J,c values.

3.5. Comparison of the ASTM and
fatigue methods

As stated earlier this fatigue test can be conducted
within a window of testing conditions which produce
brittle fracture. In this case, the fatigue parameters
were selected so as to mimic the fracture observed in
the ASTM test. Both methods produced similar flat
fracture surfaces and crack-tip damage zones of ap-
proximately the same size and shape. Excellent repro-
ducibility can also be obtained with this method at
different load levels [28]. However, higher loads pro-
duce larger crack-tip damage zones, and since the
J-integral is a measure of the deformation at the crack
tip, these higher loads yield higher J,. values [28].
Others have also reported that J,, as determined by
the ASTM method [1] varies with the loading condi-
tions [8, 29]. The ASTM method was developed by
simply constraining the test conditions. Similarly, the
parameters of the fatigue method may be specified. In
this case, the fatigue variables were set to produce a
fracture similar to that observed by the ASTM
method [1].

In addition to producing similar J,. values to the
ASTM method, the main advantage of the fatigue
method is that it can be done with specimen thicknes-
ses which more closely approach the thickness in
which the polymer will be used. The ASTM method

requires thick blocks to constrain the ductility at the
crack tip and thus produce a plane-strain brittle frac-
ture, the worst-case-scenario. Whereas fatigue can be
used on much thinner specimens to produce fractures
which are even more brittle (higher-plane-strain con-
tribution) than those observed by the ASTM method
[28]. The primary importance of this advantage is
quite simple. Because of differences in thermal history
and processing methods (i.e., compression moulding
or extrusion), differences in morphology arise between
thick test specimens and the relatively thin compon-
ents used in applications. These morphological differ-
ences affect fracture resistance. Thus, because of differ-
ences in morphology, the fracture resistance of a thick
block specimen may not be an accurate measure of the
fracture resistance of the actual thin component, even
though both are made of the same material. However,
if the fatigue method is used, specimens may be tested
which approach the same thickness, and thus morpho-
logy, as real components. Testing these thinner speci-
mens will give a more accurate assessment of the
fracture toughness of the polymer part.

Another difference between the two methods is tied
to the fact that, for some tough polymers, brittle
cracks cannot be initiated using monotonic loading.
For example, Crist and Carr have conducted J-integ-
ral studies on thick compact tension specimens of
tough medium-density polyethylene pipe resins [30].
The “crack” which initiates is shown in Fig. 13. Under
the conditions specified by the ASTM method [1]
these materials separate by a tearing process which is
accompanied by a large damage zone; they do not
crack under monotonic load. Since a materials resist-
ance to brittle failure is being tested, a test method
which can produce a brittle crack is required. The
SENT fatigue test can produce brittle failures in thin
specimens of these tough resins, as well as provide J,
values [31].

Figure 13 Crack tip-profile of an ASTM test in a tough, medium-
density polyethylene [30].
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The slow-crack-growth mechanism which produces
these brittle failures is manifest by the size and shape
of the crack-tip damage zone and by the fracture
surface features. If the loading method, whether it be
fatigue, monotonic, creep, or a combination of these
types, produces the same fracture characteristics, then
the mechanism of slow crack growth is the same. In
this case, nearly identical features in HDPE are ob-
served using either the fatigue or the ASTM method
and thus that the fracture mechanism is nearly ident-
ical in both. Similarly, fatigue has also been used to
produce features nearly identical to those observed in
the field [32], and the equivalence of creep and fatigue
loading has been documented previously [33].

Fracture-toughness testing of polymers requires
constraining crack-tip plasticity in order to produce
a plane-strain brittle fracture. This constraint can
be accomplished by monotonically loading very
thick ‘specimens or by propagating a crack under the
lower loads used in fatigue. In this case, we have
selected fatigue conditions (0, & 30% c,, 0.5 Hz,
R = 0) which produce a damage zone which is roughly
the same size as the damage zone in the ASTM test
(Fig. 12); as a result, both J,c values are similar.
Regardless of the method, J, is a time-independent
parameter which is being used to quantify fracture in a
viscoelastic (time dependent) material. An improved
measure of fracture toughness would incorporate both
the time and energy necessary to fracture these mater-
ials.

4. Conclusion

By applying the energy definition of the J-integral to
fatigue tests, a method has been developed which
permits the calculation of J, from thin SENT speci-
mens. This method is capable of producing plane-
strain brittle failures, characterized by small crack-tip
damage zones and macroscopically flat fracture sur-
faces in thin specimens of tough polymers. The ap-
plication of this newly developed fatigue method to
HDPE has yielded a J ¢ value (1.4 kT m™~2) equivalent

to that obtained using the ASTM method
(1.8 kIm™ 2
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