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The relationship between slow crack propagation in creep and fatigue in a medium density
polyethylene pipe material was studied by increasing the R-ratio (defined as the ratio of
minimum to maximum stress in the fatigue loading cycle) from 0.1 to 1.0 (creep). The study
included characterization of the effects of R-ratio and temperature (21 to 80◦C) on the
mechanism and kinetics of slow crack propagation. With increasing R-ratio and decreasing
temperature, the fracture mode changed from stepwise crack propagation, i.e. crack growth
by the sequential formation and breakdown of a craze zone, to a ”quasi-continuous” mode
of crack growth through the preexisting craze. Despite the change in fracture mode, the
damage zone, as characterized by the length of the main craze, shear crazes, and crack tip
opening displacement, followed the same dependence on loading parameters, and crack
growth rate followed the same kinetics. Crack growth rate (da/dt) was related to the
maximum stress intensity factor KI,max and R-ratio by a power law relationship
(da/dt) = B′K4

I,max(1+ R)−6. Alternatively, crack growth rate was expressed as
(da/dt) = B〈K4

I (t)〉Tβ(ε̇) with a creep contribution B〈K4
I (t)〉T , calculated by averaging the

known dependence of creep crack growth rate on stress intensity factor KI over the period
T of the sinusoidal loading curve, and a fatigue acceleration factor β(ε̇) that depended on
strain rate only. The correlation in crack growth kinetics allowed for extrapolation to creep
fracture from short-term fatigue testing. The temperature dependence of crack growth rate
was contained in the prefactors B and B′. A change in slope of the Arrhenius plot of B′ at
55◦C indicated that at least two mechanisms contributed to crack propagation, each
dominating in a different temperature region. This implied that a simple extrapolation to
ambient temperature creep fracture from elevated temperature tests might not be reliable.
C© 2000 Kluwer Academic Publishers

1. Introduction
Prediction of slow crack growth in polyethylene pipes
used for natural gas distribution is an example where
short-term testing is used to predict long-term perfor-
mance in the field. To accurately predict long-term fail-
ure from short-term tests, the failure mechanism must
be maintained while the crack growth kinetics is sub-
stantially accelerated. Elevating the test temperature is
one method of accelerating failure, and a high temper-
ature creep test (PENT test: ASTM F 1473-94) that
reproduces the stepwise failure mechanism observed
in the field is intended specifically for predicting long-
term failure of gas-pipe resins [1].

However, the latest generation pipe resins are highly
creep resistant and the PENT test times are too long
for testing in a reasonable amount of time even at high
temperature [2, 3]. A room temperature fatigue test-
ing protocol was developed [4–7] that also reproduces
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the stepwise crack growth mechanism observed in field
failures [8, 9], and avoids possible annealing effects
that can result from elevated temperature. Fatigue tests
on several candidate pipe resins were performed over
a range of stresses with anR-ratio, defined as the ra-
tio of minimum to maximum load in the fatigue test,
of 0.1. The ranking of slow crack growth resistance
in polyethylene pipe resins by fatigue testing followed
the same ranking order as in elevated temperature creep
tests, and the fatigue tests required up to three orders
of magnitude less time [4–6]. However, the parameters
that describe fatigue and creep crack growth were not
linearly proportional so only a qualitative assessment
of long-term creep failure could be made from dynamic
fatigue testing [4].

The relationship between fatigue and creep can be
quantitatively examined by systematically decreasing
the dynamic component of fatigue loading. This is
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Figure 1 Fatigue loading for differentR-ratios under (a) constantKI,max

and (b) constantKI,mean.

accomplished by varying theR-ratio so thatR gradu-
ally approaches unity (creep loading). TheR-ratio can
be varied under conditions of constant maximum load
or constant mean load, Fig. 1.

This approach was used to examine the relationship
between fatigue and creep in high density polyethylene
(HDPE) [10, 11]. Although not a modern pipe resin,
HDPE exhibits the stepwise crack propagation mecha-
nism characteristic of field failures and room tempera-
ture testing can be done in a reasonable amount of time
even in creep loading. Stepwise crack propagation was
observed in tests under both constant maximum stress
and constant mean stress loading withR-ratios between
0.1 and 1.0 (creep). Crack growth rate in fatigue ex-
trapolated to creep crack growth rate. Conservation of
stepwise crack growth and correlation between failure
kinetics in fatigue and creep tests suggested that short-
term fatigue testing can be used to predict long-term
creep failure properties. A power law relation described
crack growth rate over the entire range of fatigue and
creep loading conditions studied:

da

dt
= BK4.5

I,maxK
−0.5
I,mean= B′K 4

I,max(1+ R)−0.5 (1)

whereKI,max andKI,meanare the maximum and mean
stress intensity factors during the fatigue loading cycle.
In creep (KI = KI,max = KI,mean), Equation 1 reduces
to da/dt = BK4

I , which is consistent with previous
observations on creep crack growth in polyethylene
[10, 11]. Equation 1 is also consistent with the Paris
relationship da/dt = A1K 4

I for fatigue under con-
stantR-ratio (R< 1). Equation 1 and the Paris relation

can be rewritten as a proportionality between da/dt
and K 4

I,max or da/dt and K 4
I,mean with prefactors that

are functions ofR only. However, the Paris relation is
not expected to hold true for differentR-ratios and, in-
deed, the Paris relation did not fit the data for different
R-ratios in slow crack growth in HDPE.

The goal of the present work was to extend the ap-
proach used to quantify the relation between fatigue and
creep in HDPE to a creep resistant modern polyethy-
lene pipe material. Specimens were cut directly from
a medium density polyethylene (MDPE) pipe. Testing
was done with varyingR-ratio under conditions of con-
stant maximum and constant mean stress loading. Due
to the high creep resistance of MDPE pipe, elevated
temperatures were also used to accelerate failure. The
temperature was varied between room temperature and
80◦C, which is the prescribed temperature for the stan-
dard PENT creep test. The effects ofR-ratio and tem-
perature on the crack growth mechanism and kinetics
were examined, and comparison was made to HDPE.

2. Experimental
2.1. MDPE pipe material
Compact tension specimens with dimensions in accor-
dance with ASTM D 5045-93 were cut directly from
a medium density polyethylene gas-pipe (MDPE pipe)
extruded from category II PE-2406 DuPont Aldyl A
resin. The pipe had a 16 inch nominal diameter, the
wall thickness was 32 mm, and the thickness to diame-
ter ratio was 13.5. The average density was 0.933 g/cm3.
Schematics illustrating the geometry and dimensions of
the compact tension specimens were presented previ-
ously [7]. The length, defined as the distance between
the line connecting the centers of the loading pin holes
and the unnotched outer edge of the specimen, was
26 mm. The height to length ratio was 1.2, and the
notch length was 12.5 mm. Specimens were cut in the
radial direction parallel to the longitudinal direction of
the pipe. The notch extended in the radial direction
from the inner pipe wall. Specimens were notched in
two steps: the initial 10 mm were made by saw and the
final 2.5 mm by razor blade. The razor blade was driven
into the specimen at a controlled rate of 1µm/s. A fresh
razor blade was used for each specimen.

2.2. Fatigue and creep testing
Mechanical fatigue units capable of applying a very sta-
ble and accurate (±0.5N) sinusoidal load were used to
conduct fatigue tests. The units also operated in creep
(constant load). The load and crosshead displacement
were recorded by computer. A manual zoom macrolens
attached to a video camera was used to observe the
crack tip. The distance between the lens and the sam-
ple was adjusted by a micrometer attachment that en-
abled direct measurement of the crack length. The cam-
era was routed through a VCR and video monitor and,
when the test was left unattended, the experiment was
recorded onto video cassette. The maximum and min-
imum crack tip opening displacement (CTOD), mea-
sured at the maximum and minimum stresses in the
fatigue loading cycle, were taken from the video. The
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TABLE I Matrix of MDPE pipe experiments

T,◦C R-ratio KI,max MPa(M)1/2 KI,meanMPa(m)1/2 Fracture mode tinitiation sec×103 tfailure sec×103

21 0.1 1.30 0.72 Stepwise 65 250
21 0.2 1.30 0.78 Stepwise 70 320
21 0.3 1.30 0.85 Quasi-continuous (ductile) 75 500
21 0.4 1.30 0.91 Quasi-continuous (ductile) 300 1450
21 0.5 1.30 0.98 Through shear craze 1200 (a)
21 0.6 1.30 1.04 Through shear craze 1700 (a)

21 0.1 0.91 0.50 Stepwise 100 740
21 0.2 0.91 0.55 Stepwise 120 (a)
21 0.3 0.91 0.59 Quasi-continuous 180 (a)
21 0.4 0.91 0.64 Quasi-continuous 1050 (a)
21 0.5 0.91 0.68 Quasi-continuous 2500 (a)

21 0.22 1.17 0.72 Stepwise 80 510
21 0.32 1.09 0.72 Quasi-continuous 200 1220
21 0.43 1.00 0.72 Quasi-continuous 1300 (a)

21 0.1 1.52 0.84 Ductile — —
21 0.1 1.43 0.79 Stepwise 62 190
21 0.1 1.08 0.59 Stepwise 78 480
21 0.1 0.78 0.43 Stepwise 120 (a)

21 0.1 (0.5 Hz) 1.30 0.72 Stepwise 135 480
21 0.1 (0.2 Hz) 1.30 0.72 Stepwise 260 960

34 0.1 1.30 0.72 Stepwise 62 (a)

45 0.1 1.30 0.72 Stepwise 56 120

60 0.1 1.30 0.72 Ductile — —
60 0.1 1.00 0.55 Stepwise 41 100
60 0.1 0.65 0.36 Stepwise 95 410

70 0.1 0.65 0.36 Stepwise 31 105

80 0.1 0.65 0.36 Stepwise 11 36
80 0.3 0.65 0.43 Stepwise 64 210
80 0.6 0.65 0.52 Stepwise 135 360
80 1.0 (creep) 0.65 0.65 Stepwise 900 (a)

80 0.3 0.55 0.36 Stepwise 55 260
80 0.5 0.48 0.36 Stepwise 155 490

80 0.1 0.78 0.43 Ductile — —
80 0.1 0.48 0.26 Stepwise 16 85

(a) Tests stopped before complete failure.

strain rate was obtained from the CTOD measurements
as a ratio of the difference between the maximum and
minimum values of CTOD and the minimum CTOD
in a fatigue cycle, multiplied by the fatigue frequency.
Details of the measurement were described previously
[11].

Tests were carried out at 21, 35, 45, 60, 70 and
80◦C under constantR-ratio, constantKI,max, or con-
stantKI,mean. The environmental chamber maintained
the temperature at±0.2◦C. All experiments are listed
in Table I. Under constant maximum stress,R was in-
creased by increasing the minimum stress, Fig. 1a. Un-
der constant mean stress,Rwas increased by decreasing
the maximum stress and increasing the minimum stress,
Fig. 1b. At 21◦C, two constant maximum stresses of
1.30 and 0.91 MPa(m)1/2 and one constant mean stress
of 0.72 MPa(m)1/2 were used. At 80◦C, two constant
maximum stresses of 0.65 and 0.48 MPa(m)1/2 and one
constant mean stress of 0.36 MPa(m)1/2 were used. In
addition, creep tests on MDPE pipe and HDPE [10, 11]
were carried out at 80◦C with KI = 0.65 MPa(m)1/2.
Fatigue tests with constantR = 0.1 were performed
at 21, 35, 45, 60, 70, and 80◦C. Unless noted, the test
frequency for fatigue experiments was 1 Hz. The frac-
ture mode, the time to crack initiation (tinitiation) and the
failure time (tfailure) are also included in Table I.

Fracture surfaces were examined under the light mi-
croscope. Features were best resolved in bright field
using normal incidence illumination. Specimens were
subsequently coated with 9 nm of gold and examined in
a JEOL JSM 840A scanning electron microscope. The
accelerator voltage was set at 5 kV and the probe cur-
rent at 6× 10−11 amps to minimize radiation damage
to the specimens.

Selected specimens were loaded to a specific number
of cycles, removed from the fatigue unit, and sectioned
to obtain a side view of the craze damage zone ahead
of the crack tip. Sections were placed on a special SEM
sample holder that held the crack open, coated with
9 nm of gold and viewed in the SEM.

2.3. Tensile testing
Yield stress measurements were made on 0.3 mm thick
ASTM D 1708 micro-tensile specimens. The speci-
mens were cut from compression molded sheet made
from pellets cut from the pipe. The compression mold-
ing conditions are described elsewhere [4, 5]. Tensile
tests were run on an Instron model 1123 mechanical
testing unit at a strain rate of 0.4 sec−1, which was on
the order of the strain rate in the fatigue tests [11]. Tests
were made at 21, 45, 60, and 80◦C.
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3. Results and discussion
3.1. Effect of temperature on fatigue crack

growth under R = 0.1
Increasing temperature lowered the maximum stress for
which slow stepwise crack propagation took place. If
the stress was too high, rapid ductile fracture occurred.
A series of tests determined the effect of temperature
on the transition from slow stepwise crack growth to
ductile fracture, Fig. 2. The transition occurred at about
1.48, 1.36, 1.15, and 0.75 MPa(m)1/2 for temperatures
of 21, 45, 60, and 80◦C, respectively.

The change in crosshead displacement for slow step-
wise crack growth is plotted against time in Fig. 3 for
fatigue tests at 21, 45, 60, 70 and 80◦C with R = 0.1.
Corresponding fracture surfaces are shown in Fig. 4.
The value ofKI,max was 1.30 MPa(m)1/2 for the 21

Figure 2 Effect of temperature on the transition from stepwise fracture
to ductile fracture for fatigue atR= 0.1.

Figure 3 Crosshead displacement curves for stepwise crack growth at
R = 0.1 for (a) 21 and 45◦C at KI,max = 1.30 MPa(m)1/2 and (b) 60,
70 and 80◦C at KI,max= 0.65 MPa(m)1/2.

and 45◦C tests, and 0.65 MPa(m)1/2 for the 60, 70 and
80◦C tests. The stepwise character of crack growth, i.e.
crack growth resulting from sequential formation and
fracture of a craze damage zone ahead of the crack tip,
was well resolved on the plots and fracture surfaces for
R = 0.1. The plateau regions on the plots coincided
with crack arrest periods during which a damage zone
formed in order to relieve the stress concentration at
the crack tip. The duration of the arrest period corre-
sponded to the lifetime of the damage zone. Near the
end of the arrest period, the main part of the craze broke
down, leaving a continuous membrane at the crack tip.
The membrane then ruptured within a few thousand
cycles. A sharp increase in crosshead displacement fol-
lowed membrane rupture. Remnants of broken mem-
brane fibrils made up the prominent striations on the
fracture surfaces in Fig. 4. In each test, the number
of striations on the surface corresponded to the num-
ber of jumps in the plot. The stepwise crack growth
mechanism was the same as reported previously in this
MDPE pipe material in room temperature fatigue tests
[4–7], and was also consistent with observations of step-
wise crack growth in elevated temperature creep tests
[12]. Comparison of the 21◦C test with the 45◦C test
(KI,max= 1.30 MPa(m)1/2), and the 60◦C test with the
80◦C test (KI,max= 0.65 MPa(m)1/2) revealed that step
jump length, defined as the distance between striations,
increased with temperature.

In previous experiments on HDPE at 21◦C, KI,mean
was found to control step jump length [10, 11]. The
step jump length is plotted vs.KI,mean for the R =
0.1 tests on MDPE pipe at different temperatures in
Fig. 5. Step jump length followed aK 2

I,meandependence,
which is shown by the curves. This is consistent with
the Dugdale model prediction for the lengthl of the
plastic zone at constant load [13, 14]:

l = π

8

K 2
I

σ 2
y

(2)

provided thatKI = KI,mean. The temperature depen-
dence of zone length is embodied in the yield stress
σy. The measured yield stress of MDPE pipe was 19.0,
14.0, 11.4, and 7.4 MPa forT = 21, 45, 60, and 80◦C,
respectively. Substituting these values into Equation 2
not only gave the correct temperature dependence of
zone length, but resulted in a prefactor close toπ/8.
The exact fit to the Dugdale expression was surprising
because, although step jump length in HDPE followed
the K 2

I,meandependence, the proportionality coefficient
estimated from the step jump length [10] and a yield
stress of 29 MPa was greater thanπ/8.

Crack growth rate has been proposed as the best pa-
rameter to represent crack growth kinetics because it
relates directly to the size and lifetime of the damage
zone [4–6, 10, 11]. In stepwise crack propagation an av-
erage crack growth rate (da/dt) is calculated from the
step jump length (da) divided by the lifetime or duration
of the damage zone (dt). The rate depends on the stress
intensity factor at the crack tip, and increases as the
crack grows. This dependence is usually described by
the Paris relation [2, 5–7, 15]: da/dt = A1K n

I where
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Figure 4 Fracture surfaces of the tests in Fig. 3.KI,max in units of MPa(m)1/2.

Figure 5 Effect of KI,meanon step jump length at different temperatures
for R= 0.1. The curves are fits to aK 2

I,meandependence.

1KI is the difference between the maximum and mini-
mum stress intensity factors in the fatigue loading cycle,
andA andn are material constants [16].

Paris plots for tests at constantR= 0.1 andT = 21,
45, 60, 70 and 80◦C are shown in Fig. 6. For all tem-
peratures, crack growth rate followed the Paris relation

Figure 6 Paris plots of crack growth rate vs.1KI for R= 0.1 at different
temperatures.

with an exponentn of 4, which is consistent with pre-
vious observations in polyethylene [2, 5–7, 17, 18].
Increasing temperature resulted in a large increase in
crack growth rate; for1KI = 0.70 MPa(m)1/2 the
crack growth rate was 0.18× 10−5 mm/sec at 21◦C
and 24× 10−5 mm/sec at 80◦C.
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Figure 7 Crosshead displacement curves for fatigue tests at 21◦C under
different R-ratios withKI,max= 1.30 MPa(m)1/2.

Figure 8 Optical micrographs of fatigue fracture surfaces showing effect ofR-ratio for tests under constantKI,max and constantKI,meanloading at
21◦C. KI,max andKI,meanin units of MPa(m)1/2.

3.2. Effect of R-ratio on slow crack growth
at 21◦ and 80◦C

The effect of varyingR-ratio on slow crack growth
at 21◦C was examined under constantKI,max=
1.30 MPa(m)1/2 and constant KI,mean=
0.72 MPa(m)1/2 (Fig. 1). TheR= 0.1 test corresponded
to both conditions: KI,max= 1.30 and KI,mean=
0.72 MPa(m)1/2. Typical crosshead displacement
curves for constantKI,max tests are shown in Fig. 7.
Fracture surfaces of constantKI,max and constant
KI,mean tests are shown in Fig. 8. ForR= 0.2 under
constant KI,max and constantKI,mean loading, step
jumps were noticeably shorter and less easily resolved
on the fracture surfaces and in the plots than for the
R= 0.1 test.
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WhenR-ratio was 0.3 and above, striations were not
apparent on the 21◦C fracture surfaces. Crack growth
underKI,mean = 0.72 MPa(m)1/2 and R = 0.32 and
0.43 began with the formation of voids in the mem-
brane. Craze material was visible directly behind the
voids, which indicated that the membrane began to rup-
ture before the main craze fractured. This was in con-
trast to stepwise crack growth where breakdown of the
main craze preceded membrane rupture. The mode of
fracture with crack initiation in the membrane and crack
growth through the pre-existing craze is termed “quasi-
continuous” crack growth. Because the source of the
striations on the fracture surfaces in stepwise crack
growth was remnants of the highly drawn membrane
region that fractured after the main craze, no striations
were observed for “quasi-continuous” crack growth.

The SEM micrographs in Fig. 9 show the texture
of fractured craze material in the first craze zone. The
R = 0.1 and 0.2 surfaces had a cellular structure
with matted down fibrils and biaxially stretched ma-
terial. On the other hand, theR = 0.43 surface for
KI,mean = 0.43 MPa(m)1/2 was highly fibrillar. Un-
der constantKI,max = 1.30 MPa(m)1/2 and R = 0.4,
the surface had a flat, continuous region with numer-
ous micro-striations that extended about 0.3 mm from
the notch root. Behind this region the surface consisted
of thick, highly drawn fibrils. These features indicated
considerable ductile character in the fracture.

An additional series of experiments was run at 21◦C
with a lowerKI,max of 0.91 MPa(m)1/2 andR-ratio be-

Figure 9 Scanning electron micrographs of the first craze zone of the fracture surfaces in Fig. 8.KI,max andKI,meanin units of MPa(m)1/2.

tween 0.1 and 0.4. Low magnification optical micro-
graphs of the fracture surfaces and corresponding SEM
micrographs from the first craze zone forR= 0.1 and
0.4 are shown in Fig. 10. As was the case forKI,max
of 1.30 MPa(m)1/2, crack growth was stepwise for
R = 0.1 and 0.2. Again, step jump length was shorter
for R = 0.2 (0.20 mm) than forR = 0.1 (0.35 mm).
For R= 0.3 and 0.4, striations were no longer evident
on the surfaces and, like theKI,mean loading, “quasi-
continuous” crack growth initiated from the crack tip.
The R = 0.1 surface had the same cellular structure
with matted down fibrils and biaxially stretched ma-
terial that was observed on the otherR = 0.1 fracture
surfaces. WhenR= 0.4, the surface was more fibrillar,
Fig. 10.

Tests were also made at 80◦C under constant
KI,max = 0.65 MPa(m)1/2 and constantKI,mean =
0.36 MPa(m)1/2. Crosshead displacement curves and
the corresponding fracture surfaces are shown in
Figs 11 and 12. In contrast to the room tempera-
ture tests, stepwise crack growth was observed for
all R-ratios tested, including a creep test atKI =
0.65 MPa(m)1/2, with jumps on the crosshead displace-
ment plots and characteristic striations on the fracture
surfaces. Under constantKI,max, step jump length in-
creased from 1.00 mm forR = 0.1 to 1.65 mm for
R = 1.0 (creep). The increase was less than what was
expected for jump length proportional toK 2

I,mean. Under
constantKI,mean= 0.36 MPa(m)1/2, jump length de-
creased from 1.00 to 0.70 mm betweenR= 0.1 and 0.5.
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Figure 10 Optical micrographs and scanning electron micrographs of 21◦C fatigue fracture surfaces forKI,max= 0.91 MPa(m)1/2 showing effect of
R-ratio.

This contrasted with HDPE where step jump length did
not change withR-ratio under constantKI,mean[10, 11].

Higher magnification SEM micrographs from the
first craze zone on the fracture surfaces in Fig. 12 are
shown in Fig. 13. ForR = 0.1, the cellular structure
with matted down fibrils and biaxially stretched mate-
rial was observed. With increasingR-ratio the surfaces
became more fibrillar, and the fibrils were more highly
drawn. For all slow crack growth fractures at 21◦C
and 80◦C under constantKI,max and constantKI,mean
loading, the fracture surface became more fibrillar
with increasingR-ratio. The fibrillar texture for higher
R-ratios resembled the texture of the creep (R = 1.0)
fracture surface. The change from stepwise to “quasi-
continuous” fracture did not correlate with any textural
features of the fracture surface, which suggested that
the different crack propagation modes did not repre-
sent fundamentally different fracture mechanisms.

3.3. Craze fracture
To further characterize the nature of crack growth,
formation and fracture of the damage zone ahead of
the crack tip were examined. Specimens were loaded
for a predetermined number of cycles, removed from

the fatigue unit, and sectioned so that a side view
of the damage zone was obtained. A typical dam-
age zone, shown in Fig. 14 for a fatigue test under
KI,max = 1.30 MPa(m)1/2 and R = 0.1, consisted of
a main craze with a continuous membrane at the crack
tip; subsidiary shear crazes emerged from the mem-
brane region at an angle of about 30◦ with respect to
the primary craze. In some instances the shear zone
consisted of a pair of shear crazes rather than a single
shear craze. These features were termed shear crazes
because they possessed a cavitated structure although
they formed along shear planes, and thereby they rep-
resented a combination of crazing and shear banding.
Shear crazes have been shown to accompany stepwise
crack propagation in polyethylene [4, 12, 19, 20]. The
shear crazes together with the primary craze resembled
the epsilon-shaped damage zone that is a well-known
feature of stepwise fatigue crack propagation in poly-
carbonate [21]. (However, the shear bands in polycar-
bonate did not undergo further transformation to the
craze-like texture.)

The crack tip opening displacement measured at
maximum stress, [CTODmax], is also a measure of craze
size and, like craze length, was expected to follow aK 2

I
dependence [13, 14]. For tests under varyingR-ratio at
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Figure 11 Crosshead displacement curves for (a) fatigue tests at 80◦C
and (b) a creep test at 80◦C.

21 and 80◦C, crack tip opening displacement at fracture
[CTODmax]f (the crack tip opening displacement when
voids were first observed in the membrane) followed
the K 2

I,meandependence, which is shown by the curves
in Fig. 15a. Another measure of damage zone size is
shear craze length. For the series of tests under constant
KI,max = 1.30 MPa(m)1/2 at 21◦C, the length of the
shear crazes that accompanied the first craze zone was
measured from the side view of the damage zone. Shear
craze length, like [CTODmax]f , followed theK 2

I,meande-
pendence, Fig. 15b.

The CTOD and shear craze length measurements
suggested that main craze length also followed the
expectedK 2

I,meandependence. Step jump length, how-
ever, did not conform to this expectation. At 21◦C un-
der constantKI,max and constantKI,mean loading, step
jump length decreased betweenR = 0.1 and 0.2, and
steps were no longer observed whenR-ratio was 0.3
or greater. This is in contrast to HDPE where stepwise
crack propagation was observed over the entire range of
R-ratios between 0.1 and 1.0 (creep), and jump length
was proportional toK 2

I,mean [10, 11]. In MDPE pipe
at 80◦C, crack growth was stepwise over allR-ratios
tested between fatigue and creep, but even in this case
jump length did not follow theK 2

I,meandependence. For
example, under constantKI,max, jump length increased
with increasingR-ratio (increasingKI,mean), but the in-
crease was less what would be expected with a squared
dependence onKI,mean. Under constantKI,mean, step
jump length decreased with increasingR-ratio. Because
step jump length was shorter than theK 2

I,mean depen-
dence forR > 0.1, the crack may have jumped only
part way through the zone.

The possibility that step jump length did not cor-
respond to craze length forR> 0.1 was confirmed
by measuring main craze length in three experiments.
Specimens were loaded at 21◦C under KI,max =
1.30 MPa(m)1/2 and R = 0.1, 0.2, and 0.3 until just
before the crack initiated, i.e. when the damage zone
size was at maximum length but before voids were ob-
served in the membrane. Over the small increase in
KI,mean, the craze length of 0.70, 0.72, and 0.81 mm,
for R = 0.1, 0.2, and 0.3, respectively, followed the
expectedK 2

I,meandependence. Step jump length, on the
other hand, decreased from about 0.8 to 0.4 mm to zero
(quasi-continuous crack growth) over the same range
of R-ratios.

The nature of crack growth was examined further by
interrupting tests at 21◦C after the crack had propagated
some distance and examining the crack path, Fig. 16.
A test where crack propagation was stepwise (R =
0.1 andKI,max = 1.30 MPa(m)1/2) was stopped after
85,000 cycles, which was well after the first step jump
had occurred. In stepwise crack growth, pairs of shear
crazes were observed at each successive crack tip. A
test where crack growth was “quasi-continuous” (R=
0.3 and KI,max = 0.91 MPa(m)1/2), was stopped at
1,000,000 cycles after the crack reached a length of
about 1.5 mm. A pair of shear crazes had formed at the
notch tip during the long crack initiation period, but the
pairs of shear crazes that marked successive crack tip
positions in stepwise crack growth were not observed.
Rather, numerous diffuse shear crazes were observed all
along the crack path. Shear crazes indicated positions
of crack arrest. In “quasi-continuous” crack growth, the
crack arrested for only short periods of time, if at all,
after crack initiation. Consequently, shear crazes grew
only a short distance before the crack advanced and new
shear crazes formed at the next crack tip. The result was
numerous diffuse shear crazes along the crack. ForR=
0.6 andKI,max = 1.30 MPa(m)1/2 a test was stopped
after 5,500,000 cycles. The crack did not grow through
the main craze. Instead, the crack propagated through
one of the shear crazes. An analogous transition from
crack growth through the main craze of the epsilon-
shaped damage zone to fracture through a shear band
was observed with increasing stress in polycarbonate
[21]. Under a lower stress ofKI,max= 0.91 MPa(m)1/2

and R = 0.5, fracture did not occur through a shear
craze but rather through the main craze.

The different crack propagation modes are sum-
marized in the schematic in Fig. 17. With increasing
R-ratio toward creep, the fracture mode changed from
(a) stepwise crack propagation where the entire main
craze fractured before the membrane, to (b) stepwise
crack propagation where part of the main craze frac-
tured before the membrane, to (c) “quasi-continuous”
slow crack growth where fracture initiated in the mem-
brane, to (d) crack growth through a shear craze. The
fracture mode also depended on the stress level because
the specimen loaded underKI,max = 0.91 MPa(m)1/2

and R = 0.5 fractured in the “quasi-continuous”
mode through the main craze whereas the specimen
loaded underKI,max = 1.30 MPa(m)1/2 and R = 0.5
fractured through a shear craze. Indeed, some of the
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Figure 12 Optical micrographs of the fracture surfaces from the tests at 80◦C in Fig. 11.KI , KI,max andKI,meanin units of MPa(m)1/2.

“quasi-continuous” fractures and all the shear craze
fractures exhibited ductile fracture features and these
tests were not included in the analysis. Increasing tem-
perature had the opposite effect of increasingR-ratio.
Increasing temperature to 80◦C resulted in all fractures
occurring in a stepwise manner where the crack jumped
through the entire craze (lowerR-ratios) or through part
of the craze (higherR-ratios).

Although the fracture mode changed, the damage
zone, as characterized by main craze length, shear
craze length, and CTOD, followed the Dugdale de-
pendence onK 2

I,mean. The difference was the location
of fracture initiation, i.e., in the main craze or in the
membrane at the crack tip. A change in craze fracture
mode could result from competition between deterio-
ration of the main craze fibrils and deterioration of the
membrane. At lowR-ratio where crack propagation
was stepwise, the main craze fibrils deteriorated more
quickly than the membrane.

The change in crack growth mode with increasing
R-ratio may have been a consequence of the high creep
crack growth resistance of MDPE pipe. Creep crack
growth rate is thought to be controlled by the rate of

chain disentanglement in craze fibrils [22–25]. In fa-
tigue, it is speculated that fracture also occurs by chain
disentanglement, but fracture is accelerated by a mecha-
nism that is specific to fatigue [26]. In HDPE, which has
poor creep resistance, the fatigue crack growth rate at
21◦C loading underR= 0.1 was 4 to 5 times faster than
would be expected if crack growth were completely
controlled by the creep process. In MDPE pipe, which
has high creep resistance, the contribution of the fa-
tigue component relative to the creep component was
much greater. Indeed, whenR= 0.1, the fatigue crack
growth rates in MDPE pipe and HDPE differed by a
factor of about 2, whereas in creep the difference was
at least an order of magnitude. WhenR-ratio was in-
creased, the creep component of loading increased and
the fatigue component decreased. In MDPE pipe, the
highly creep resistant fibrils of the main craze deterio-
rated more slowly than the membrane, so fracture oc-
curred from the membrane. Conversely, in HDPE, with
poor creep resistance of main craze fibrils, stepwise
crack propagation was maintained [10, 11]. Increasing
temperature accelerated the rate of chain disentangle-
ment in the fibrils, so stepwise crack propagation was
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Figure 13 Scanning electron micrographs of the first craze zone of the fracture surfaces in Fig. 12.KI , KI,max andKI,meanin units of MPa(m)1/2.

Figure 14 The damage zone in MDPE pipe fatigue loaded at 21◦C underKI,max= 1.30 MPa(m)1/2 andR= 0.1.

observed over a larger range ofR-ratio. At 80◦C crack
propagation was stepwise even in creep (R= 1.0).

“Quasi-continuous” fracture through the main
craze was examined more closely underKI,mean =
0.72 MPa(m)1/2 and R = 0.32. Five specimens were
loaded at 21◦C to different crack lengths, removed from
the fatigue unit, and sectioned to reveal the crack and
the craze ahead of the crack. Just before crack initia-
tion, the main craze length was 0.78 mm. The crack
initiated at the membrane and grew about 0.3 mm with
no appreciable craze growth, i.e. crack growth occurred
entirely at the expense of the existing craze. Between
0.3 and 0.6 mm of crack length, both crack and craze
grew. Between 0.6 and 0.8 mm of crack length, the

craze grew faster than the crack. These data suggested
that crack growth and craze growth retained some dis-
continuous character even though the crack propagated
gradually from the membrane rather than by sequential
breakdown and formation of a new craze.

Direct measurements of crack length during fatigue
tests confirmed the discontinuous character of “quasi-
continuous” crack growth. Plots of crack length vs.
number of cycles in Fig. 18 show periods of very slow
crack growth or possibly crack arrest followed by pe-
riods of more rapid crack growth. From these plots, an
average crack growth rate was obtained for compari-
son with crack growth rate in stepwise crack propaga-
tion, where the average crack growth rate was obtained
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Figure 15 Effect of KI,meanon (a) [CTODmax]f of the first craze zone
and (b) length of shear crazes emanating from the first craze zone. The
curves are fits to aK 2

I,meandependence.

from step jump length and duration of the correspond-
ing damage zone.

3.4. Crack growth rate
Crack growth rate is generally accepted as the best
way to represent crack resistance of polyethylene resins
[4–6, 10, 11], and has been used to compare fatigue
crack growth in continuous and discontinuous crack
propagation [16]. By varyingR-ratio under conditions
of constant maximum stress and constant mean stress,
the effects ofKI,max andKI,meanon crack growth rate
can be separated [10, 11]. The effect ofKI,mean was
obtained by constructing a double logarithmic plot of
crack growth rate vs.KI,mean for tests run under con-
stantKI,max, Fig. 19a. The regression lines through the
data indicated that crack growth rate at 21◦C and 80◦C
followed aK−6

I,meandependence. Similarly, the effect of
KI,max was obtained by making a double logarithmic
plot of crack growth rate vs.KI,max for tests under con-
stantKI,mean, Fig. 19b. The slope of the fit lines indi-
cated that crack growth rate was proportional toK 10

I,max.
Despite the change from crack initiation in the main

craze (stepwise crack propagation) to crack initiation
at the membrane (“quasi-continuous” crack growth),
crack growth rate followed the same relation in each
series of experiments. The exceptions were the tests run
underKI,max= 1.30 MPa(m)1/2 with R= 0.3 and 0.4.
Because the high stress level in these tests approached
the transition to ductile crack growth, the crack growth
rates were substantially faster than expected from the
K−6

I,meandependence. These data were excluded from the
analysis.

From the dependencies onKI,maxandKI,meana power
law relation in the form:

da

dt
= B′K 4

I,max(1+ R)−6 (3)

described crack growth. The prefactorB′ is a material
paramater and is a function of temperature. In creep
(KI,max= KI,mean= KI ) Equation 3 reduces to a pro-
portionality between da/dt and K 4

I , which is consis-
tent with the observed creep crack growth behavior in
polyethylene [10, 11, 27–29]. Equation 3 is also con-
sistent with the observations that, under constantR=
0.1, fatigue crack growth in MDPE pipe obeys the
Paris relation: da/dt = A1K 4.0±0.5 [4, 5]. The fit to
K 4

I,max(1+ R)−6 is shown in Fig. 20.
Crack growth rate in MDPE pipe followed the same

form as that for HDPE, Equation 1, except the expo-
nents and prefactor were different. A more general form
of Equations 1 and 3 is expressed as:

da

dt
= B′K m

I,max(1+ R)n (4)

The parameterm appears to be equal to 4 for all
polyethylenes [4, 5, 10, 11, 27–29]. The parameterB′
and exponentn are characteristics of the specific resin.
The value ofB′ is 0.72 in MDPE pipe and 0.40 in
HDPE, and the exponentn is −6 in MDPE pipe and
−0.5 in HDPE. In creep (R= 1.0), the expression on
the right side of Equation 4 reduces to (B′/2n) K m

I ,
therefore the parameterB in Equation 1 isB= (B′/2n)
and is a measure of creep crack growth resistance. The
term (1+ R)n is a measure of the sensitivity toR-ratio
in fatigue.

Varying R-ratio also varies the strain rate ˙ε of craze
opening during the fatigue cycle. To include the rate de-
pendency explicitly, an alternative expression for crack
growth rate was developed for HDPE [11]:

da

dt
= B

〈
K 4

I (t)
〉
Tβ(R, ε̇) (5)

whereB〈K 4
I (t)〉T is the creep contribution to the crack

growth rate and is obtained by averaging the known
dependence of da/dt on K 4

I in creep over the period
T of the sinusoidal loading curve [11]. The fatigue ac-
celeration factorβ(R, ε̇) in HDPE was found to be a
linear function of strain rate only:β(ε̇) = (1+ Cε̇).
Crack growth rate for MDPE pipe could also be writ-
ten in this form. The parameterB was calculated
from Equation 4 forR = 1.0. The strain rate mea-
sured for tests under constantR-ratio, constantKI,max,
and constantKI,mean, is plotted against the quantity
(1− R) in Fig. 21 for tests at 21◦C. The data are plot-
ted against (1− R)=1KI/KI,max because the ampli-
tudes of the strain and the stress oscillations were ex-
pected to correlate. Confirming this expectation, the
dependence of strain rate onR was approximately the
same for experiments at constantKI,max and constant
KI,mean. The data were fit with the power law regression
ε̇ = 0.65 (1− R)3.2 for strain rate expressed in sec−1.

Using the relationship betweenR-ratio and strain
rate, the crack growth rate normalized toB〈K 4

I (t)〉T is
plotted against strain rate for all fatigue tests at 21◦C in
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Figure 16 Side views of the crack path in interrupted 21◦C fatigue tests showing stepwise, “quasi-continuous”, and shear craze crack growth modes.

Fig. 22. (In experiments where strain rate was not mea-
sured directly, the regression in Fig. 21 was used.) With
some experimental scatter, the data could be considered
to fall on the same curve. This indicated that fatigue ac-
celeration of crack growth was primarily a strain rate
effect. To confirm this conclusion, additional tests were
run with different frequencies (0.5 and 0.2 Hz) under
one loading condition (KI,max = 1.30 MPa(m)1/2 and
R = 0.1). By varying frequency under a single load-
ing condition, the creep contribution to crack growth
remained constant but the strain rate changed. In con-
trast, both the creep contribution and the strain rate
changed whenR-ratio was varied. As seen in Fig. 22,
the varying frequency data followed the same depen-
dence on strain rate as the data obtained by varying
R-ratio. Thus the primary role of strain rate in fatigue
acceleration of crack growth is common to HDPE and
MDPE pipe resins, and can be suggested as a general
effect for polyethylene.

Comparing the values ofBHDPE = 0.57 × 10−5

and BMDPE= 0.011× 10−5 (for crack growth rate ex-

pressed in mm/sec) indicates that the MDPE pipe ma-
terial is about 50 times more resistance to creep crack
growth than HDPE. For MDPE pipe as well as for
HDPE, the functionβ(R, ε̇) in Equation 5 can be writ-
ten as a linear function of strain rate only,β(R, ε̇) =
(1+ Cε̇). The parameterC is a measure of the strain
rate sensitivity in fatigue testing; it has the dimension
of time. Comparing the magnitude of this parameter for
HDPE [11],CHDPE = 19 sec, with that obtained from
regression of the data in Fig. 22,CMDPE = 260 sec, it
is seen that MDPE pipe is much more fatigue sensitive
than HDPE. This explains why fatigue crack growth
rates in MDPE pipe and HDPE differed by a factor of
about 2 whenR = 0.1 (high strain rate), but reported
creep (essentially zero strain rate) lifetimes differed by
at least an order of magnitude [2–5]. The difference in
creep of MDPE pipe and HDPE may be even larger.
For KI = 0.65 MPa(m)1/2 the measured creep crack
growth rate in HDPE at 80◦C was 150×10−5 mm/sec,
which was about 1,000 times faster than that in MDPE
pipe.
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Figure 17 Schematics illustrating the effects ofR-ratio, stress and tem-
perature on crack growth mode.

Figure 18 The rate of “quasi-continuous” crack growth in two fatigue
tests.

The dependence of strain rate onR-ratio was differ-
ent in MDPE pipe and HDPE. In MDPE pipe ˙ε = 0.65
(1− R)3.2 and in HDPE ˙ε = 0.25 (1− R)2.0. This dif-
ference in the exponential dependency of strain rate on
theR-ratio term corresponded to the large difference in
the exponentn in Equation 4,−6 compared to−0.5.
The quantity (1−R) is much more sensitive to a change
in power dependence than is the quantity (1+ R) in
Equation 3. The different exponential dependency on
strain rate (as measured from CTOD) suggested that the
crack opened differently in MDPE pipe and HDPE. The
shear crazes that emanated from the crack tip in MDPE
pipe but not in HDPE are likely to affect the CTOD.

Figure 19 Fits of crack growth rate to (a)KI,meanand (b)KI,max for tests
at 21 and 80◦C.

Figure 20 Fit of all crack growth rate data toK 4
I,max(1+ R)−6 depen-

dence.

Figure 21 The relation betweenR-ratio and strain rate at the crack tip
at 21◦C. The curve is the fit to ˙ε = 0.65 (1− R)3.2.
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Figure 22 Effect of strain rate on measured crack growth rate normalized
to the calculated creep contribution to the crack growth rate at 21◦C.

Figure 23 Arrhenius plot of the prefactorB′. The slope change at 55◦C
is indicated.

The temperature dependence of crack growth rate
is contained in theB′ term in Equation 4. An Arrhe-
nius plot of ln B′ vs. 1/T was constructed to exam-
ine this dependence, Fig. 23. The data were described
by two straight lines with a slope change at 55◦C. For
tests between 60 and 80◦C, the slope gave an activa-
tion energy of about 125 kJ/mol, which is consistent
with activation energies obtained in elevated tempera-
ture creep tests of MDPE [30, 31]. Below 60◦C, how-
ever, much lower activation energy of about 25 kJ/mol
was obtained. A change in slope at a similar temperature
could also be discerned in the transition from stepwise
to ductile fracture (Fig. 2). Failure of a single activation
energy to describe fatigue and creep crack growth be-
havior over this relatively small range of temperatures
is not surprising considering the complexity of craze
growth, damage accumulation, and subsequent craze
breakdown processes. Even a simpler case, creep of
polyethylene monofilaments between 20◦C and 70◦C
was modeled with two processes differentiated by ac-
tivation volume [32, 33]. One was associated with the
crystalline phase and related to theα-relaxation. The
activation energy of 125 kJ/mol obtained from Fig. 23
correlated with the activation energy of this process
in polyethylene [33, 34]. Moreover, the temperature of
the break in the Arrhenius plot, 50–60◦C, corresponded
to the maximum of theα-relaxation peak as defined by
DMTA loss modulus and dielectric relaxation [34]. The
second process was ascribed to the amorphous entan-
glement network. These different temperature regimes
of crack growth rate behavior indicated that a quantita-

tive extrapolation to ambient temperature creep behav-
ior can not be made from elevated temperature tests.
Additionally, different polyethylene copolymers might
not follow the same dependence on temperature.

4. Conclusions
A damage zone consisting of a main craze with a tough
membrane at the crack tip, and subsidiary shear crazes
above and below the main craze, formed at the notch
root in MDPE pipe for all loads,R-ratios, and temper-
atures tested. The damage zone dimensions, as charac-
terized by main craze length, shear craze length, and
CTOD, followed the Dugdale dependence onK 2

I,mean.
At low R-ratios and high temperatures, crack growth
was stepwise, i.e. crack growth occurred by sequen-
tial formation and fracture of the main craze. With
increasing R-ratio and decreasing temperature, the
crack growth mode changed from stepwise to “quasi-
continuous” with features of both stepwise and continu-
ous crack propagation. Crack growth rate over the entire
range of loading conditions and temperatures examined
was related to the maximum stress,R-ratio, and tem-
perature by a power law relation. Alternatively, crack
growth rate was modeled as consisting of a creep con-
tribution that was calculated from the sinusoidal load-
ing curve and the known dependence of creep crack
growth rate on stress intensity factor, and a fatigue ac-
celeration factor that depended only on strain rate. In
comparison to high density polyethylene, MDPE pipe
was much more creep resistant, and MDPE pipe was
much more sensitive to strain rate in fatigue. The tem-
perature dependence of crack growth rate in MDPE pipe
followed an Arrhenius relation with a change in slope
at 55◦C. The corresponding activation energies were
125 kJ/mol for 80◦C> T > 55◦C, and 25 kJ/mol for
55◦C> T > 21◦C. The correlation in crack growth ki-
netics in tensile-tensile fatigue and creep suggests that
short term fatigue testing may be used to predict long
term creep fracture properties. However, the change
in slope of the Arrhenius temperature dependence of
crack growth rate indicates that extrapolation of ele-
vated temperature creep behavior to ambient tempera-
ture requires considerable caution.
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