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Effect of strain rate on stepwise fatigue and creep

slow crack growth in high density polyethylene
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The effects of frequency and R-ratio (the ratio of minimum to maximum stress in the
fatigue loading cycle) on the kinetics of step-wise crack propagation in fatigue and creep of
high density polyethylene (HDPE) was characterized. Stepwise crack growth was observed
over the entire range of frequency and R-ratio examined. A model relating crack growth
rate to stress intensity factor parameters and applied strain rate was proposed by
considering the total crack growth rate to consist of contributions from creep and fatigue
loading components. The creep contribution in a fatigue test was calculated from the
sinusoidal loading curve and the known dependence of creep crack growth on stress
intensity factor in polyethylene. At a very low frequency of 0.01 Hz, fatigue crack growth
rate was found to be completely controlled by creep processes. Comparison of the
frequency and R-ratio tests revealed that the fatigue loading component depended on
strain rate. Therefore, crack growth rate could be modeled with a creep contribution that
depended only on the stress intensity factor parameters and a fatigue contribution that
depended on strain rate. C© 2000 Kluwer Academic Publishers

1. Introduction
Long-term failures of structural materials often occur
by slow crack growth under loads that are well below
the yield stress of the material. Testing materials under
exact field conditions is impractical because of the very
long failure times, so prediction of long-term failure
from short-term tests is desirable. Prediction of slow
crack growth in polyethylene pipes used for natural gas
distribution is an example where short-term testing is
needed. In the field, failure occurs under mainly static
loads. Elevating the test temperature is one method of
accelerating failure, and a high temperature creep test
(PENT test) was designed 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 the
resins in a reasonable amount of time even at elevated
temperature [2, 3].

Polyethylene materials retard creep crack growth by
forming a tough craze in the damage zone. The craze
temporarily arrests the crack until the craze fibrils de-
teriorate enough for the craze to rupture. As a conse-
quence, fracture develops in a stepwise manner [4–10].
This mechanism is also inherent to failure in the field
[11, 12].

Fatigue testing presents another method of accelerat-
ing fracture. A fatigue testing protocol was developed
that reproduced the stepwise crack growth mechanism
[4–9]. Fatigue testing was carried out at ambient tem-
perature, which avoided possible annealing effects. The
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ranking of slow crack growth resistance in polyethylene
pipe resins by the fatigue test followed the same rank-
ing order as the PENT test but in up to three orders of
magnitude less time [5, 6]. However, only a qualitative
assessment of long-term creep failure could be made
from dynamic fatigue testing.

The relationship between fatigue and creep can be
quantitatively examined by systematically decreasing
the dynamic component of fatigue loading. This is ac-
complished by varying theR-ratio, defined as the ratio
of the minimum stress to the maximum stress in the
fatigue loading cycle, so that it gradually 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 behavior in a high density
polyethylene (HDPE) of high molecular weight [4].
Although not a modern pipe resin, the HDPE exhib-
ited the stepwise crack propagation mechanism char-
acteristic of field failures, and room temperature test-
ing could be done in a reasonable amount of time even
in creep loading. Stepwise crack propagation in HDPE
was observed in tests under both constant maximum
stress and constant mean stress loading in the tension-
tension mode withR-ratios between 0.1 and 1.0 (creep).
In this example, crack growth rate in fatigue extrapo-
lated to the case of creep crack growth under both con-
stant maximum and constant mean stress loading. The
conservation in stepwise crack growth mechanism and
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Figure 1 Fatigue loading for differentR-ratios under (a) constantKI,max

and (b) constantKI,meanloading.

correlation between failure kinetics in fatigue and creep
tests suggested that short-term fatigue testing may be
used to predict long-term creep failure properties. A
power law relation in the form:

da

dt
= BK4.5

I,maxK
−0.5
I,mean (1)

whereKI,max andKI,meanare the maximum and mini-
mum stress intensity factors during the fatigue loading
cycle, described crack growth rate over the entire range
of fatigue and creep loading conditions.

Equation 1 reduces to the common forms of the Paris
relation for slow crack growth in polyethylene, namely
da/dt ∝ K 4

I for creep [13–15] and da/dN∝1K 4
I

for fatigue testing under constantR-ratio [2, 4–7, 16].
However, this relation does not take into account the
effect of frequency despite the fact that in most poly-
mers, including polyethylene, crack growth rate is fre-
quency dependent. Furthermore, the effects ofR-ratio
and frequency might be interrelated because increas-
ing R toward creep (R= 0.1) or decreasing frequency
toward zero both have the effect of decreasing strain
rate toward zero. Therefore, testing over a range of fre-
quencies that includes very low frequencies could lead
to more penetrating correlations between fatigue and
creep fracture kinetics.

The effect of test frequency on fatigue crack growth
rate is complex. For different polymers, the crack
growth rate (expressed in units of length per num-
ber of cycles) may decrease, remain nearly con-
stant, or increase with increasing frequency [17].
Poly(vinylchloride) (PVC) [18–21], poly(methylme-

thacrylate) (PMMA) [22–26], and polyethylene
[16, 27, 28], for example, show a decrease in crack
growth rate with increasing frequency. In one polyethy-
lene, the number of cycles to failure was found to
increase (which corresponds to a decrease in crack
growth rate) in proportion to frequency raised to the
0.35 power over a range of frequencies between 0.01
and 5 Hz [27]. Crack growth rate in polycarbonate
(PC) is nearly frequency independent [29, 30]. Crack
growth rate in poly(vinylidene fluoride) and Nylon 6,6
increases slightly with increasing frequency [21].

Changes in crack growth rate with frequency are due
to many factors: loading rate (strain rate), creep effects,
and hysteretic heating are considered to be the major
ones [31]. It has also been realized that if a compres-
sive stress is part of a fatigue loading cycle (negative
R-ratio), buckling of the craze fibrils is an additional
frequency-sensitive mechanism of crack propagation
[27]. To keep the mechanistic similarity between fa-
tigue and creep, testing should be performed only in
the tension-tension mode. Hysteretic heating can be
minimized by operating at sufficiently low frequency.
In polyethylene, no perceptible hysteretic heating ef-
fects were observed for frequencies at or below 1 Hz
[4–9, 27, 32].

A possible way to examine strain rate and creep ef-
fects is to consider the crack growth rate to consist of
superposed fatigue and creep components [31, 33] so
that total crack growth rate can be expressed as:

(
da

dN

)
total
=
(

da

dN

)
fatigue

+ 1

f

(
da

dt

)
creep

(2)

where f is the fatigue frequency. It is possible to evalu-
ate the creep component by averaging the functional de-
pendence of the creep crack growth rate on the load over
the time of the fatigue cycle. This concept successfully
explained the frequency effect on crack growth rate in
PMMA [26] and in Nylon 6 [33]. In Nylon 6, the con-
tribution of the fatigue loading component decreased
relative to the creep contribution with decreasing fre-
quency and, at the lowest frequency tested of 0.1 Hz,
the creep contribution was much greater than the fatigue
contribution. This result suggests that, at a low enough
frequency, a fatigue test might behave like a creep test,
i.e. fracture is completely controlled by creep processes
even though the load is cycled. However, the approach
was never tested for stepwise crack propagation.

The goal of the present work was to further explore
the mechanistic basis of the fatigue to creep correlation,
as related to the kinetics of the stepwise crack growth,
by characterizing the effect of strain rate on the deterio-
ration of the craze damage zone. The fatigue frequency
and R-ratio in the tension-tension mode were consid-
ered as the parameters that directly affected the strain
rate. Variable frequency tests were performed, and eval-
uated together with tests with varyingR-ratio. By com-
paring the results of these tests, the creep and fatigue
contributions to crack growth rate were quantified, and
a model relating crack growth rate to the fatigue loading
parameters was formulated.
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2. Experimental
2.1. Materials
The material used in this study was the high density
polyethylene (HDPE) studied previously [4, 5]. The
weight average molecular weight was 360,000 g/mol,
the polydispersity ratio was 12, the density was
955 kg/m3, and the crystallinity was 72%.

To obtain compression molded plaques about 17 mm
thick, the resin was preheated at 190◦C between My-
lar sheets in a press; a pressure of 20 MPa was ap-
plied for 15 minutes; the pressure was rapidly cycled
10 times between 20 and 40 MPa to remove any air bub-
bles which could have lead to voids; and the pressure
was maintained at 40 MPa for an additional 5 minutes.
Plaques were cooled under pressure at a nominal rate
of about 30◦C/min by circulating cold water through
the platens. Water circulation was maintained for an
additional 30 minutes after the platens reached room
temperature to ensure that the center of the plaques had
cooled completely. Plaques were machined to a thick-
ness of 13 mm. Compact tension specimens, with di-
mensions in compliance with ASTM D 5045-93, were
cut from the plaques. Schematics illustrating the ge-
ometry and dimensions were presented previously [8].
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 notched in two steps: the ini-
tial 10 mm were made by saw, and the final 2.5 mm by
razor blade. The razor blade was driven into the speci-
men at a controlled rate of 1µm/s. A fresh razor blade
was used for each specimen.

2.2. Fatigue and creep testing under
varying R-ratio and frequency

Mechanical fatigue units capable of applying a very
stable and accurate (±0.5 N) sinusoidal load were used
to conduct fatigue tests. The load and crosshead dis-
placement were recorded by computer. A manual zoom
macrolens attached to a video camera was used to ob-
serve the crack tip. The camera 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 minimum crack tip open-
ing displacement (CTOD), measured at the maximum
and minimum stresses in the fatigue loading cycle, were
taken from the video. The CTOD could only be mea-
sured for the first craze zone. In subsequent zones the
top and bottom of the craze were obscured by fractured
fibrils remaining from the first craze.

Fatigue tests were performed for frequencies of 1.0,
0.5, 0.2, 0.1, and 0.01 Hz under one loading condi-
tion of KI,max= 1.30 MPa(m)1/2 and anR-ratio, de-
fined as the ratio of minimum to maximum loads in the
fatigue loading cycle, of 0.1. A series of tests was also
run at one frequency with varyingR-ratio between 0.1
and 1.0 (creep) under conditions of constant maximum
stress and constant mean stress. Two maximum stresses,
KI,max= 1.30 and 1.08 MPa(m)1/2, were used. Under
constant maximum stress, theR-ratio was increased

by increasing the minimum stress, Fig. 1a. Two mean
stresses, 0.85 and 0.72 MPa(m)1/2, were used. Under
constant mean stress, theR-ratio was increased by de-
creasing the maximum stress and increasing the mini-
mum stress, Fig. 1b.

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

3. Results and discussion
3.1. Effect of frequency on fatigue crack

propagation
The change in crosshead displacement during fatigue
testing at different frequencies is shown in Fig. 2 for
KI,max= 1.30 MPa(m)1/2 andR= 0.1. A test at 0.01 Hz
was terminated after the second jump at about 2000 cy-
cles. The corresponding fracture surfaces are shown in
Fig. 3. Crack growth was stepwise for all the frequen-
cies examined. The stepwise character of crack growth,
which resulted from the sequential formation and frac-
ture of a craze damage zone, was well-resolved in the
plots of crosshead displacement and on the fracture sur-
faces. The plateaus on the plots in Fig. 2 corresponded
to arrest periods during which a damage zone formed
to relieve the stress concentration at the crack tip. The
damage zone consisted of a main craze with a contin-
uous membrane at the crack tip. The duration of the
arrest period, which encompassed tens of thousands
of cycles, corresponded to the lifetime of the damage
zone. Near the end of the arrest period, the main part
of the craze broke down, leaving the continuous mem-
brane at the crack tip. The membrane then ruptured
within a few thousand cycles by void formation and
coalescence. A sharp increase in crosshead displace-
ment followed membrane rupture, Fig. 2. Remnants of
the broken membrane created the prominent striations
on the fracture surfaces, Fig. 3.

Higher magnification SEM micrographs of two of
the first craze zones in Fig. 3 are shown in Fig. 4.
For all frequencies, the fracture surface consisted of

Figure 2 Crosshead displacement plotted against number of cycles for
fatigue tests at frequencies of 1.0, 0.5, 0.2, and 0.1 Hz underKI,max =
1.30 MPa(m)1/2 andR= 0.1.
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Figure 3 Fracture surfaces of specimens tested at frequencies of 1.0, 0.2, 0.1, and 0.01 Hz underKI,max= 1.30 MPa(m)1/2 andR= 0.1.

Figure 4 SEM micrographs of the first craze zone of two fracture surfaces in Fig. 3: the specimens tested at 1.0 and 0.01 Hz.
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Figure 5 Effect of frequency on (a) step jump length and (b) CTOD at
initiation of fracture of the first craze zone for loading underKI,max =
1.30 MPa(m)1/2 andR= 0.1.

dense uniaxially drawn fibrils less than 1µm thick.
The fractography confirmed that the crack propagated
by the same mechanism at all the frequencies tested
and, specifically, that the crack propagated in a step-
wise manner through a fibrous craze. Moreover, the
crack propagation mechanism was the same as that ob-
served previously in tests under varyingR-ratio and
constant frequency [4].

The crack jump length systematically increased as
the frequency decreased. The length of the first jump,
measured as the distance from the notch tip to the first
striation on the fracture surface, increased from 0.64
to 1.00 mm as the frequency decreased from 1.0 to
0.01 Hz, Fig. 5a. Correspondingly, the crack tip opening
displacement at membrane rupture (CTOD)f increased
from 0.09 to 0.17 mm, Fig. 5b. This was not consis-
tent with other fatigue experiments performed at a fre-
quency of 1 Hz with varyingR-ratio [4]. In these exper-
iments, crack jump length and (CTOD)f depended only
on the mean stressKI,mean, and correlated with the crack
jump length and (CTOD)f for creep atKI = KI,mean. In
the 1 Hz fatigue experiments, a single loading cycle
was completed in 1 sec which was negligible compared
to the time scale for the craze to reach its full length.
Therefore the stress that controlled the craze length was
the average during the fatigue cycle, i.e. the mean stress.
However, as the cycle time increased, the longer con-
tinuous exposure to the stress overshoot might have had
an impact on craze growth at the microscopic level. For
instance, if the cycle time approached the time scale of
cavitation atKI,max, the craze could have grown beyond

Figure 6 Effect of KI,meanon step jump length of the first craze zone for
creep tests, and for constantKI,max, and constantKI,meanfatigue tests at
1 Hz.

the length dictated byKI,mean. Accordingly, the crack
jump length for fatigue at 0.01 Hz (1.00 mm) increased
to midway between that for creep at the corresponding
KI,mean(0.65 mm) and that for creep at the correspond-
ing KI,max (1.38 mm).

In a large number of fatigue experiments at 1 Hz
and creep experiments, crack jump length and (CTOD)f
depended on (KI,mean)2 or (KI )2 in accordance with
the Dugdale model [34, 35]. Exceptions were encoun-
tered only in tests withKI,mean or KI greater than
1.0 MPa(m)1/2 where the damage zone length was too
long for the traditional characterization in terms of the
stress intensity factor to be sufficient, Fig. 6. In such a
case, the gradient inKI should be taken into account
[8]. As a result of the general conformity of crack jump
length and (CTOD)f to the same dependency onKI,mean
or KI , the ratio of (CTOD)f to step jump length was
constant and equal to 0.15± 0.04. This implied that
the craze angle at fracture was the same even though
the length and lifetime of the craze varied.

Craze growth was monitored from the crack tip open-
ing displacement (CTOD) during the lifetime of the
first craze zone. The maximum and minimum values of
CTOD obtained at the maximum and minimum posi-
tions of the fatigue loading cycle, respectively, are plot-
ted against number of cycles in Fig. 7 for a typical test
(KI,max= 1.30 MPa(m)1/2, R= 0.1, and f = 1.0 Hz).

Figure 7 Growth of the maximum and minimum CTOD of the first
craze zone in a typical fatigue test:KI,max= 1.30 MPa(m)1/2, R= 0.1,
f = 1.0 Hz.
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Figure 8 Relative growth rate of the (a) maximum CTOD and (b) min-
imum CTOD of the first craze zone for all fatigue and creep tests.

Both values initially increased sharply and then grad-
ually leveled off until the craze fractured. Despite the
craze growth, the amplitude of the craze opening oscil-
lations, CTODmax−CTODmin, remained almost con-
stant over most of the craze lifetime.

The kinetics of craze growth was compared for all fa-
tigue tests under differentR-ratios and frequencies, in-
cluding the creep experiments, by reducing CTODmax,
CTODmin and timet to the corresponding values at
craze fracture (indicated by the subscript f). As seen
in Fig. 8, the normalized data superposed within the
random experimental error, which revealed a common
kinetic law of the craze opening, independent of the test
variables. This allowed interpolation of the normalized
kinetics by a power law, CTOD/(CTOD)f ∝ (t/tf )n

wheren was 0.21± 0.04 and 0.26± 0.05 for growth of
the CTODmax and CTODmin, respectively. The power
law is usual in describing creep, and the values ofn are
consistent with that reported previously for polyethy-
lene [36]. Thus, the fatigue load did not change the
kinetics of craze opening. Because (CTOD)f was deter-
mined mainly byKI,mean, the major effect of the load
oscillation was on the lifetime of the damage zonetf .

3.2. Effect of frequency and R-ratio
on crack growth rate

Crack growth rate has been proposed as the best
parameter to represent crack growth kinetics [4–7]
because it relates directly to the size and lifetime
of the damage zone. In stepwise crack propagation,
an average crack growth rate is calculated from the

Figure 9 Effect of frequency on the duration to the first step jump, to the
second step jump, and to fracture for specimens loaded underKI,max=
1.30 MPa(m)1/2 and R = 0.1. Durations are plotted as (a) number of
cycles and (b) time in seconds.

length of the step jump divided by the lifetime or
duration of the damage zone. The time to the first step
jump (t1), second step jump (t2+1), and failure (tf ) are
plotted against frequency in Fig. 9. Because of the
long test time, the 0.01 Hz experiment was stopped
after the second step jump. If the duration is plotted
as number of cycles, Fig. 9a,t1, t2+1, andtf decreased
with decreasing frequency. If the duration is plotted as
time in seconds, Fig. 9b,t1, t2+1, andtf increased with
decreasing frequency.

The corresponding crack growth rate calculated as
length per cycle, da/dN, decreased with increasing
frequency, Fig. 10a. The decrease in da/dN with fre-
quency is consistent with previous observations on
polyethylene [16, 27, 28] where the trend was inter-
preted as an improvement in fatigue crack growth
resistance with increasing frequency [31]. However,
this is misleading. If the crack growth rate is calcu-
lated as length per second, da/dt , the crack growth
rate increased with increasing frequency, Fig. 10b. The
lifetime actually decreased with increasing frequency,
although the crack advanced less during each cycle.
From the perspective of time, increasing frequency had
a deleterious effect on the resistance to slow crack
growth. Considering crack growth rate in terms of time
is especially important when using fatigue as a tool for
creep lifetime prediction.

The crack growth rate da/dt appeared to level off
at about 0.5× 10−5 mm/s as the frequency decreased
to 0.01 Hz. The frequency-independence of da/dt at
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Figure 10 Effect of frequency on crack growth rate expressed as (a)
mm/cycle and (b) mm/s forKI,max= 1.30 MPa(m)1/2 andR= 0.1.

sufficiently low frequency indicated that extrapolation
to creep, which would correspond to zero frequency,
might be possible. Qualitatively, this was tested by com-
paring da/dt extrapolated from the frequency experi-
ments with creep crack growth rates calculated from
Equation 1. Equation 1 was obtained from previous ex-
periments on the same HDPE under constant frequency,
and extrapolation to creep was made by increasing the
R-ratio from 0.1 to 1.0 (creep) [4]. The resulting power
law relation, Equation 1, described da/dt over the en-
tire range of loading conditions between fatigue and
creep. In creep,KI = KI,max= KI,mean, and Equation 1
reduces to:

da

dt
= BK4

I (3)

For this HDPE,B= 5.7× 10−6 mm m2/s/MPa4 [4].
In the experiments with varying frequency,KI,max was
1.30 MPa(m)1/2, and KI,mean was 0.72 MPa(m)1/2.
Substitution of these values into Equation 3 yielded
creep crack growth rates of 1.63 and 0.15× 10−5 mm/s
for KI,max and KI,mean, respectively. The value of
0.5× 10−5 mm/s that was obtained by extrapolating to
zero frequency in Fig. 10b was intermediate between
these two numbers.

The extrapolation to creep in both varying frequency
and varyingR-ratio experiments indicated that creep
plays a major role in fatigue crack propagation. The
role of creep was examined previously by consider-
ing fatigue crack growth to consist of two components
[31, 33]: the crack growth due to creep and the crack
growth due to true fatigue. Previously, this method was

applied to continuous crack propagation, and it is not
directly applicable to stepwise crack growth where the
crack is arrested for much of the specimen fracture time.
However, during an arrest period, craze opening due to
elongation of craze fibrils is a continuous process until
the craze fractures. Because drawn fibrils have practi-
cally no recovery, their creep rate under variable ten-
sile stress should be determined by the transient magni-
tude of the load. On the other hand, the lifetime of the
craze fibrils appeared to be inversely proportional to the
rate of change in the transient load.

The creep contribution to the crack growth rate is
calculated from the sinusoidal form of the loading curve
and the known dependence of da/dt onK 4

I in creep [4].
The creep contribution is expressed as:(

da

dt

)
creep
= B

〈
K 4

I (t)
〉
T =

B

T

∫
T

K 4
I (t) dt (4)

where the integration is performed over the fatigue
cycle periodT . This resulted in a value of 0.48×
10−5 mm/s for the varying frequency experiments,
which was in excellent agreement with the extrapola-
tion to zero frequency (0.5× 10−5 mm/s). The quantity
B〈K 4

I (t)〉T was calculated for all the fatigue experi-
ments and comparison made with the measured fatigue
crack growth rate. The calculated creep contribution
and the measured crack growth rate for all the fatigue
and creep tests are shown in Table I. In the experiments
with varying R-ratio, the magnitude of eitherKI,max or
KI,meanchanged, so the creep contribution was different
for each test. The ratio of da/dt and (da/dt)creepis plot-
ted as a function ofR-ratio in Fig. 11. In creep,R= 1.0
and the ratio is unity. As theR-ratio decreased, da/dt
increased over the calculated (da/dt)creepand, whenR
was 0.1, da/dt was higher by a factor of 4–5. Decreas-
ing the R-ratio increased the dynamic component of
loading, and the crack growth rate accelerated due to
the fatigue action.

It is important that, despite the broad range of ab-
solute values of load that was employed in the exper-
imental series, and the more than an order of magni-
tude difference in the crack growth rates, all the data

Figure 11 Effect of R-ratio on measured crack growth rate normalized
to the calculated crack growth rate for creep controlled crack growth for
tests at constantKI,max and constantKI,meanwith frequency of 1 Hz.
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TABLE I Effect of Kmean, R, and Frequency on Damage Zone Size and Crack Growth Rate

Kmean Frequency Zone Lifetime Max CTOD Min CTOD Jump Length (da/dt)creep da/dt
MPa(m)1/2 R Hz s×10−3 mm mm mm mm/s×105 mm/s×105

Kmax= 1.30 MPa(m)1/2

0.72 0.10 1.0 26± 2 0.093 0.077 0.60± 0.10 0.48 2.29± 0.27
0.85 0.30 1.0 49± 16 0.157 0.143 0.86± 0.13 0.57 1.76± 0.67
1.04 0.60 1.0 65± 9 0.277 0.262 1.15± 0.17 0.81 1.56± 0.19
1.30 1.00 1.0 85± 20 0.349 0.349 1.38± 0.25 1.67 1.62± 0.40
Kmax= 1.08 MPa(m)1/2

0.59 0.10 1.0 42± 4 0.081 0.066 0.38± 0.02 0.24 0.89± 0.09
0.72 0.32 1.0 71± 15 0.099 0.093 0.60± 0.05 0.28 0.85± 0.08
0.81 0.50 1.0 90± 16 0.121 0.114 0.78± 0.05 0.34 0.87± 0.18
1.08 1.00 1.0 120± 11 0.258 0.258 0.97± 0.02 0.81 0.81± 0.07
Kmean= 0.85 MPa(m)1/2

0.85 0.20 1.0 28± 3 0.131 0.111 0.84± 0.02 0.75 3.00± 0.36
0.85 0.30 1.0 49± 16 0.157 0.143 0.86± 0.13 0.57 1.76± 0.67
0.85 0.50 1.0 75± 8 0.099 0.095 0.83± 0.05 0.40 1.12± 0.25
0.85 1.00 1.0 280± 30 0.172 0.172 0.91± 0.24 0.30 0.33± 0.06
Kmean= 0.72 MPa(m)1/2

0.72 0.10 1.0 26± 2 0.093 0.077 0.60± 0.10 0.48 2.31± 0.27
0.72 0.32 1.0 71± 15 0.099 0.093 0.60± 0.05 0.28 0.85± 0.08
0.72 0.57 1.0 180± 50 0.099 0.096 0.57± 0.07 0.19 0.33± 0.08
0.72 1.00 1.0 435± 90 0.113 0.113 0.65± 0.07 0.15 0.15± 0.04
Varying Frequency
0.72 0.10 1.00 26± 2 0.093 0.077 0.60± 0.10 0.48 2.31± 0.27
0.72 0.10 0.50 36± 5 0.104 0.082 0.68± 0.12 0.48 1.88± 0.27
0.72 0.10 0.20 64± 5 0.128 0.102 0.73± 0.12 0.48 1.14± 0.13
0.72 0.10 0.10 100± 7 0.144 0.118 0.83± 0.15 0.48 0.83± 0.10
0.72 0.10 0.01 190± 10 0.168 0.126 1.00± 0.15 0.48 0.52± 0.05

overlapped well enough to follow the same curve. This
indicated that the fatigue acceleration in the constant
frequency experiments was controlled by theR-ratio.
Including also the varying frequency experiments, it is
seen that all the data are described by the following
equation:

da

dt
= B

〈
K 4

I (t)
〉
Tβ(R, f ) (5)

where the functionβ(R, f ) is a fatigue acceleration
factor that appears to be independent of the absolute
load. As regards the parameters that affect fatigue ac-
celeration,R-ratio determines the amplitude of the load
oscillation, andf defines their time scale. Because the
periodic deformation of the craze ahead of the crack tip
monotonically follows the load, both parameters pri-
marily impact the strain rate. Thus, the origin of fa-
tigue crack growth acceleration in polyethylene should
be sought in the strain rate effects.

3.3. Effect of strain rate on crack
growth rate

The magnitude of the strain rate at the crack tip was
defined as the average over the fatigue cycle:

ε̇ = f

[
CTODmax− CTODmin

CTODmin

]
(6)

Except for a short initial period, the amplitude of the
craze opening oscillation, CTODmax−CTODmin, was
almost constant over the craze lifetime. In addition,
CTODmin increased rapidly early in the test and then
leveled off. Although ˙ε initially decreased, it reached a

Figure 12 Relation betweenR-ratio and strain rate for tests at constant
KI,max and constantKI,meanwith frequency of 1 Hz.

constant value for most of the test, which was taken for
the strain rate evaluation.

The effect ofR-ratio on strain rate is shown in Fig. 12
for varying R-ratio tests run under constantKI,max and
constantKI,mean. The data are plotted against the quan-
tity (1 − R) = 1KI/KI,max because the amplitudes of
the strain and the stress oscillations were expected to
correlate. Confirming this expectation, the strain rates
for both series of tests fell on the same curve. The data
were described by the relation ˙ε = 0.25 (1− R)2 for ε̇
expressed in s−1.

The effect of strain rate on crack growth rate is shown
in Fig. 13 where the measured crack growth rate nor-
malized toB〈K 4

I (t)〉T is plotted against strain rate for
all tests with varyingR-ratio and varying frequency. All
the data fell on the same curve, which indicated that the
acceleration in crack growth rate due to the fatigue ac-
tion was dependent only on strain rate (or, specifically,
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Figure 13 Effect of strain rate on measured crack growth rate normalized
to the calculated crack growth rate for creep controlled crack growth in
tests under varying frequency andR-ratio.

the strain and the time over which the strain was ap-
plied). Therefore, crack growth rate in fatigue can be
characterized by a contribution from the creep process
multiplied by a fatigue acceleration factorβ that is a
function of strain rate only:

da

dt
= B

〈
K 4

I (t)
〉
Tβ(ε̇) (7)

The parameterB is the same as in Equation 1. From
the data in Fig. 13, an expression forβ is obtained
whereβ = (1+ Cε̇) with C = 19 sec for strain rate
given in s−1.

Equation 7 takes the form of Equation 1 with an addi-
tional dependence on strain rate. The creep component
of crack growth can be described by the two fatigue
loading parametersKI,max and KI,mean. The accelera-
tion of crack growth due to fatigue is related to the
strain rate which depends on frequency and is also af-
fected by the fatigue loading parameters. The limita-
tions of Equation 1, namely that theR-ratio must be
greater than zero to avoid compressive damage to craze
fibrils and that the crack growth mechanism must be
conserved over fatigue and creep loading conditions
[4], also apply to Equation 7.

Equation 7 resembles Equation 2 only in that the total
crack growth rate is expressed in terms of a creep con-
tribution and a fatigue contribution. In Equation 2 the
creep and fatigue contributions are additive. By con-
trast, in Equation 7 the effects are multiplied. This im-
plies that fatigue accelerates the same molecular pro-
cesses as those responsible for the deterioration of the
damage zone in creep. This implication is also in line
with the observed similarity in the kinetics of craze
opening in tension-tension mode fatigue and creep,
Fig. 8. Creep in polyethylenes is usually considered
as being controlled by chain disentanglement of craze
fibrils [37–39]. Previous comparison of fatigue crack
growth resistance of polyethylene copolymers of differ-
ent molecular structure atR= 0.1 showed a qualitative
correlation with the inferred rate of disentanglement
of interlamellar tie molecules. Thus, the established
mechanistic and kinetic similarities of creep and fa-
tigue suggest that chain disentanglement concepts can
be invoked as the dominant mechanism controlling the
craze lifetime.

4. Conclusions
The step-wise crack growth mechanism was observed
in HDPE for all the frequencies andR-ratios tested.
Crack growth rate was modeled as the combined con-
tributions from creep and fatigue loading. Calcula-
tion of the creep contribution was based on the si-
nusoidal loading curve and the known dependence of
creep crack growth in this HDPE onK 4

I . Fatigue crack
growth was completely controlled by creep processes
if the frequency was low enough. Tests with different
frequencies and differentR-ratios were correlated by
considering the strain rate at the crack tip. The fatigue
component of loading was found to depend only on
strain rate. The experiments confirmed a model for fa-
tigue crack growth that consisted of a creep contribution
that depended only on stress intensity factor parameters,
and a fatigue contribution that depended only on strain
rate.
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