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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. © 2000 Kluwer Academic Publishers

1. Introduction ranking of slow crack growth resistance in polyethylene
Long-term failures of structural materials often occurpipe resins by the fatigue test followed the same rank-
by slow crack growth under loads that are well belowing order as the PENT test but in up to three orders of
the yield stress of the material. Testing materials undemagnitude less time [5, 6]. However, only a qualitative
exact field conditions is impractical because of the veryassessment of long-term creep failure could be made
long failure times, so prediction of long-term failure from dynamic fatigue testing.
from short-term tests is desirable. Prediction of slow The relationship between fatigue and creep can be
crack growth in polyethylene pipes used for natural gagjuantitatively examined by systematically decreasing
distribution is an example where short-term testing isthe dynamic component of fatigue loading. This is ac-
needed. In the field, failure occurs under mainly staticcomplished by varying th&-ratio, defined as the ratio
loads. Elevating the test temperature is one method aff the minimum stress to the maximum stress in the
accelerating failure, and a high temperature creep tegatigue loading cycle, so that it gradually approaches
(PENT test) was designed specifically for predictingunity (creep loading). Th&-ratio can be varied under
long-term failure of gas-pipe resins [1]. However, the conditions of constant maximum load or constant mean
latest generation pipe resins are highly creep resistanipad, Fig. 1.
and the PENT test times are too long for testing the This approach was used to examine the relationship
resins in a reasonable amount of time even at elevatelgetween fatigue and creep behavior in a high density
temperature [2, 3]. polyethylene (HDPE) of high molecular weight [4].
Polyethylene materials retard creep crack growth byAlthough not a modern pipe resin, the HDPE exhib-
forming a tough craze in the damage zone. The craziéted the stepwise crack propagation mechanism char-
temporarily arrests the crack until the craze fibrils de-acteristic of field failures, and room temperature test-
teriorate enough for the craze to rupture. As a conseig could be done in a reasonable amount of time even
guence, fracture develops in a stepwise manner [4-10in creep loading. Stepwise crack propagation in HDPE
This mechanism is also inherent to failure in the fieldwas observed in tests under both constant maximum
[11,12]. stress and constant mean stress loading in the tension-
Fatigue testing presents another method of acceleratension mode witliR-ratios between 0.1 and 1.0 (creep).
ing fracture. A fatigue testing protocol was developedin this example, crack growth rate in fatigue extrapo-
that reproduced the stepwise crack growth mechanisrated to the case of creep crack growth under both con-
[4-9]. Fatigue testing was carried out at ambient tem-stant maximum and constant mean stress loading. The
perature, which avoided possible annealing effects. Theonservation in stepwise crack growth mechanism and
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Ca 'R; 1'0 ] thacrylate) (PMMA) [22-26], and polyethylene
300 0 (ereep) [16,27, 28], for example, show a decrease in crack

i 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

ol v v v growth rate in poly(vinylidene fluoride) and Nylon 6,6
0.0 0.2 0.4 0.6 0.8 1.0 increases slightly with increasing frequency [21].

Time (seconds) 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.

N N In polyethylene, no perceptible hysteretic heating ef-
0.0 0.2 0.4 0.6 08 10 fects were observed for frequencies at or below 1 Hz

Time (seconds) [4—9, 27, 32]-

A possible way to examine strain rate and creep ef-
Figure 1 Fatigue loading for differeriR-ratios under (a) constakj max fects is to consider the crack growth rate to consist of
and (b) constark| meanloading. superposed fatigue and creep components [31, 33] so
that total crack growth rate can be expressed as:
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correlation between failure kinetics in fatigue and creep

tests suggested that short-term fatigue testing may be da da 1/da

used to predict long-term creep failure properties. A dN /e \dN wigve F\A ) oo (2)
da 45

power law relation in the form:
da _ pkas K05 (1) wheref is the fatigue frequency. It is possible to evalu-
dt I, max™*1,mean ate the creep component by averaging the functional de-
pendence of the creep crack growth rate on the load over
whereK| max and K| meanare the maximum and mini- the time of the fatigue cycle. This concept successfully
mum stress intensity factors during the fatigue loadingexplained the frequency effect on crack growth rate in
cycle, described crack growth rate over the entire rang®MMA [26] and in Nylon 6 [33]. In Nylon 6, the con-
of fatigue and creep loading conditions. tribution of the fatigue loading component decreased
Equation 1 reduces to the common forms of the Pariselative to the creep contribution with decreasing fre-
relation for slow crack growth in polyethylene, namely quency and, at the lowest frequency tested of 0.1 Hz,
da/dt oc Kt for creep [13-15] and a/dN oc AK{*  the creep contribution was much greater than the fatigue
for fatigue testing under constaRtratio [2,4-7,16]. contribution. This result suggests that, at a low enough
However, this relation does not take into account thdrequency, a fatigue test might behave like a creep test,
effect of frequency despite the fact that in most poly-i.e. fracture is completely controlled by creep processes
mers, including polyethylene, crack growth rate is fre-even though the load is cycled. However, the approach
guency dependent. Furthermore, the effectRaftio  was never tested for stepwise crack propagation.
and frequency might be interrelated because increas- The goal of the present work was to further explore
ing R toward creepR=0.1) or decreasing frequency the mechanistic basis of the fatigue to creep correlation,
toward zero both have the effect of decreasing straims related to the kinetics of the stepwise crack growth,
rate toward zero. Therefore, testing over a range of freby characterizing the effect of strain rate on the deterio-
guencies that includes very low frequencies could leadation of the craze damage zone. The fatigue frequency
to more penetrating correlations between fatigue an@dnd R-ratio in the tension-tension mode were consid-
creep fracture kinetics. ered as the parameters that directly affected the strain
The effect of test frequency on fatigue crack growthrate. Variable frequency tests were performed, and eval-
rate is complex. For different polymers, the crackuated together with tests with varyifratio. By com-
growth rate (expressed in units of length per num-paring the results of these tests, the creep and fatigue
ber of cycles) may decrease, remain nearly coneontributions to crack growth rate were quantified, and
stant, or increase with increasing frequency [17].amodelrelating crack growth rate to the fatigue loading
Poly(vinylchloride) (PVC) [18-21], poly(methylme- parameters was formulated.
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2. Experimental by increasing the minimum stress, Fig. 1a. Two mean
2.1. Materials stresses, 0.85 and 0.72 MPatf) were used. Under
The material used in this study was the high densityconstant mean stress, tReratio was increased by de-
polyethylene (HDPE) studied previously [4,5]. The creasing the maximum stress and increasing the mini-
weight average molecular weight was 360,000 g/molmum stress, Fig. 1b.
the polydispersity ratio was 12, the density was Fracture surfaces were examined under the light mi-
955 kg/nt, and the crystallinity was 72%. croscope to measure step jump length. Features were
To obtain compression molded plaques about 17 mnbest resolved in bright field using normal incidence il-
thick, the resin was preheated at 1@between My- lumination. Specimens were subsequently coated with
lar sheets in a press; a pressure of 20 MPa was af®nm of gold and examined in a JEOL JSM 840A scan-
plied for 15 minutes; the pressure was rapidly cycledning electron microscope. The accelerator voltage was
10 times between 20 and 40 MPa to remove any air bubset at 5 kV and the probe current ak80-1! amps to
bles which could have lead to voids; and the pressureninimize radiation damage to the specimens.
was maintained at 40 MPa for an additional 5 minutes.
Plagues were cooled under pressure at a nominal rate
of about 30C/min by circulating cold water through 3. Results and discussion
the platens. Water circulation was maintained for arB.1. Effect of frequency on fatigue crack
additional 30 minutes after the platens reached room  propagation
temperature to ensure that the center of the plaques hathe change in crosshead displacement during fatigue
cooled completely. Plaques were machined to a thicktesting at different frequencies is shown in Fig. 2 for
ness of 13 mm. Compact tension specimens, with diK; nax=1.30 MPa(m}’?andR=0.1. Atestat0.01 Hz
mensions in compliance with ASTM D 5045-93, were was terminated after the second jump at about 2000 cy-
cut from the plaques. Schematics illustrating the ge<cles. The corresponding fracture surfaces are shown in
ometry and dimensions were presented previously [8]Fig. 3. Crack growth was stepwise for all the frequen-
The length, defined as the distance between the lineies examined. The stepwise character of crack growth,
connecting the centers of the loading pin holes and thevhich resulted from the sequential formation and frac-
unnotched outer edge of the specimen, was 26 mm. Theire of a craze damage zone, was well-resolved in the
height to length ratio was 1.2, and the notch length waglots of crosshead displacement and on the fracture sur-
12.5 mm. Specimens were notched in two steps: the inifaces. The plateaus on the plots in Fig. 2 corresponded
tial 10 mm were made by saw, and the final 2.5 mm byto arrest periods during which a damage zone formed
razor blade. The razor blade was driven into the specito relieve the stress concentration at the crack tip. The
men at a controlled rate of/lm/s. A fresh razor blade damage zone consisted of a main craze with a contin-
was used for each specimen. 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
2.2. Fatigue and creep testing under of the craze broke down, leaving the continuous mem-

var.ying B-ratio and frequency . brane at the crack tip. The membrane then ruptured
Mechanical fatigue units capable of applying a very, itin a few thousand cycles by void formation and

stable and accurate-0.5 N) sinusoidal load were used ,51e5cence. A sharp increase in crosshead displace-

to conduct fatigue tests. The load and crosshead diss,ant followed membrane rupture, Fig. 2. Remnants of

placementwere recorded by computer. Amanual Z00My e hroken membrane created the prominent striations
macrolens attached to a video camera was used to olg—n the fracture surfaces, Fig. 3.

serve the crack tip. The camera was routed through a Higher magnification SEM micrographs of two of
VCR and video monitor and, when the test was lefty,q first craze zones in Fig. 3 are shown in Fig. 4.
unattended, the experiment was recorded onto videgq, o) frequencies, the fracture surface consisted of
cassette. The maximum and minimum crack tip open-

ing displacement (CTOD), measured at the maximum

and minimum stresses in the fatigue loading cycle, were L I o B R B
taken from the video. The CTOD could only be mea- ) . . T
sured for the first craze zone. In subsequent zones th 1.0 01Hze  +02Hz «05Hz  1.0Hz,
top and bottom of the craze were obscured by fracturec
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 K| max=1.30 MPa(m}/? 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 ool
run at one frequency with varying-ratio between 0.1 0 %0 100 150 200
and 1.0 (creep) under conditions of constant maximurr, Number of Cycles (thousands)
stress and constantmean stress. Two maximum Stress%@ure 2 Crosshead displacement plotted against number of cycles for
Ki.max=1.30 and 1.08 MPa(m}?, were used. Under fatigue tests at frequencies of 1.0, 0.5, 0.2, and 0.1 Hz uiglgex =
constant maximum stress, thieratio was increased 1.30 MPa(m$/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 Hg yagles 1.30 MPa(m§/? andR = 0.1.
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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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0.25 - —— . — 17 Figure 6 Effect of K| meanOn step jump length of the first craze zone for
(b) CTOD_ at Rupture ] creep tests, and for constafit max, and constank| meanfatigue tests at
020 E mex 1 1Hz.
S el
= 015 . :
-—é ; ¢ ° Fhe length dlctateql b¥K| mean Accordingly, th(_e crack
S ool ° jump length for fatigue at 0.01 Hz (1.00 mm) increased
5 ; 1 to midway between that for creep at the corresponding
= 005 a ] _K|,mean(0-65 mm) and that for creep at the correspond-
; ing K max (1.38 mm).
0.00 L N — In a large number of fatigue experiments at 1 Hz
0.01 0.1 1 and creep experiments, crack jump length and (CTOD)
Frequency (Hz) depended onK; mean? or (K)? in accordance with

Figure 5 Effect of frequency on (a) step jump length and (b) CTOD at the Dugdale_ model [34’ 35]. Exceptions were encoun-
initiation of fracture of the first craze zone for loading un#@fmax = tered only Ig tests WithK| mean OF K| greater than
1.30 MPa(m}/2 andR = 0.1. 1.0 MPa(mj’? 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
o o ) case, the gradient ik, should be taken into account
dense uniaxially drawn fibrils less than,dm thick.  [g]. As aresult of the general conformity of crack jump
The fractography confirmed that the crack propagateqength and (CTOD)to the same dependency i mean
by the same mechanism at all the frequencies testegy k|, the ratio of (CTOD) to step jump length was
and, specifically, that the crack propagated in a stepgonstant and equal to. 15+ 0.04. This implied that
wise manner through a fibrous craze. Moreover, thehe craze angle at fracture was the same even though
crack propagation mechanism was the same as that ofye |ength and lifetime of the craze varied.
served previously in tests under varyifgratio and Craze growth was monitored from the crack tip open-
constant frequency [4]. ing displacement (CTOD) during the lifetime of the
The crack jump length systematically increased agjrst craze zone. The maximum and minimum values of
the frequency decreased. The length of the first JumpcTOD obtained at the maximum and minimum posi-
measured as the distance from the notch tip to the firsons of the fatigue loading cycle, respectively, are plot-
striation on the fracture surface, increased from 0.64e( against number of cycles in Fig. 7 for a typical test
to 1.00 mm as the frequency decreased from 1.0 tok, . —130 MPa(m¥/2, R=0.1, and f =1.0 Hz).
0.01 Hz, Fig. 5a. Correspondingly, the crack tipopening
displacement at membrane rupture (CT@iDgreased
from 0.09 to 0.17 mm, Fig. 5b. This was not consis-

tent with other fatigue experiments performed atafre- [ ' ‘crop

guency of 1 Hz with varyindr-ratio [4]. In these exper- 0.10 [ e °® o
iments, crack jump length and (CTOR)epended only ¥ e o . a
onthe mean stre$§ mean and correlated with the crack 'g 0.08 E ° ® o . " | B
jump length and (CTODRYor creep aK; = Kimean IN = 006 [ ©® . " CTOD;, E
the 1 Hz fatigue experiments, a single loading cycleR & g ]
was completed in 1 sec which was negligible compare® 0.04 f u CTOD. . - CTOD ]
to the time scale for the craze to reach its full length. ., %@A N L A Amax' - P N
Therefore the stress that controlled the craze length we ¥ A a ]
the average during the fatigue cycle, i.e. the mean stres  0.00 (') — E‘) — 1'0 e 1'5 — o

However, as the cycle time increased, the longer con
tinuous exposure to the stress overshoot might have he..
gn |mpact_on Craze grQWth atthe mICI’OSCOpIC level. I:mi:igure 7 Growth of the maximum and minimum CTOD of the first
instance, if the cycle time approached the time scale Ofraze zone in a typical fatigue testi max = 1.30 MPa(m$’2, R = 0.1,
cavitation aK;| max the craze could have grown beyond f = 1.0 Hz.

Number of Cycles (thousands)
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Figure 8 Relative growth rate of the (@) maximum CTOD and (b) min- gigyre 9 Effect of frequency on the duration to the first step jump, to the

imum CTOD of the first craze zone for all fatigue and creep tests. second step jump, and to fracture for specimens loaded udgix =
1.30 MPa(m}/2 and R = 0.1. Durations are plotted as (a) number of
cycles and (b) time in seconds.

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 osciliength of the step jump divided by the lifetime or
lations, CTOLhax— CTODmin, remained almost con-  quration of the damage zone. The time to the first step
stant over most of the craze lifetime. jump (t1), second step jump1), and failure §) are
The kinetics of craze growth was compared for all fa-p|otted against frequency in Fig. 9. Because of the
tigue tests under differeriR-ratios and frequencies, in- |ong test time, the 0.01 Hz experiment was stopped
cluding the creep experiments, by reducing CH§)  after the second step jump. If the duration is plotted
CTODmin and timet to the corresponding values at as number of cycles, Fig. 98, t»,1, andt; decreased
craze fracture (indicated by the subscript f). As seeRyith decreasing frequency. If the duration is plotted as
in Fig. 8, the normalized data superposed within th&jme in seconds, Fig. 9ity, to.1, andt; increased with
random experimental error, which revealed a commoRyecreasing frequency.
kinetic law of the craze opening, independent of the test The corresponding crack growth rate calculated as
variables. This allowed interpolation of the normalized|ength per cycle, d/dN, decreased with increasing
kinetics by a power law, CTOD/(CTOP)x (t/t)"  frequency, Fig. 10a. The decrease aydN with fre-
wheren was 021+ 0.04 and 026+ 0.05 for growth of - guency is consistent with previous observations on
the CTODyax and CTODnin, respectively. The power nojyethylene [16, 27, 28] where the trend was inter-
law is usual in describing creep, and the valuesafe  rated as an improvement in fatigue crack growth
consistent with that reported previously for polyethy-resistance with increasing frequency [31]. However,
lene [36]. Thus, the fatigue load did not change thehis is misleading. If the crack growth rate is calcu-
kinetics of craze opening. Because (CT@®s deter-  |ated as length per seconda/dlt, the crack growth
mined mainly byKi mean the major effect of the load  rate increased with increasing frequency, Fig. 10b. The
oscillation was on the lifetime of the damage z&ne  jifetime actually decreased with increasing frequency,
although the crack advanced less during each cycle.
From the perspective of time, increasing frequency had
3.2. Effect of frequency and R-ratio a deleterious effect on the resistance to slow crack
on crack growth rate growth. Considering crack growth rate in terms of time
Crack growth rate has been proposed as the best especially important when using fatigue as a tool for
parameter to represent crack growth kinetics [4—7]creep lifetime prediction.
because it relates directly to the size and lifetime The crack growth rateajdt appeared to level off
of the damage zone. In stepwise crack propagatiorat about 06 x 10~> mm/s as the frequency decreased
an average crack growth rate is calculated from theo 0.01 Hz. The frequency-independence afdt at
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80 ————— ‘ —T] applied to continuous crack propagation, and it is not
55 @ ] directly applicable to stepwise crack growth where the
1 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
7 the craze fractures. Because drawn fibrils have practi-
o ] cally no recovery, their creep rate under variable ten-
o 1 sile stress should be determined by the transient magni-
7 tude of the load. On the other hand, the lifetime of the
- o o f ] craze fibrils appeared to be inversely proportional to the
0.01 o1 ] rate of change in the transient load.
Frequency (H2) The creep contrlbptlon to the crack growt_h rate is
calculated from the sinusoidal form of the loading curve
and the known dependence af/dit on K in creep [4].

3 _('b')"' T T T The creep contribution is expressed as:

da/dN (mm/cycle x 10°%)
>
|

o

o

L4 _ da _ 4 _ B 4
] <a>creep_ B(Kl (t))T B ?/T i @)

N
T
[ ]

° | where the integration is performed over the fatigue
i ® ] cycle periodT. This resulted in a value of .88 x
. e 10~> mm/s for the varying frequency experiments,

. which was in excellent agreement with the extrapola-
tion to zero frequency (6 x 10~° mm/s). The quantity
Frequency (Hz) B(K{(t))r was calculated for all the fatigue experi-

ments and comparison made with the measured fatigue
Figure 10 Effect of frequency on crack growth rate expressed as (a)Crack growth rate. The calculated creep contribution
mm/cycle and (b) mm/s foK| max = 1.30 MPa(m$/2 andR = 0.1. and the measured crack growth rate for all the fatigue
and creep tests are shown in Table I. In the experiments
.- P . with varying R-ratio, the magnitude of eithé€, max Or
sufficiently low frequency indicated that extrapolation K\ meanchanged. so the creep contribution was different

to creep, which would correspond to zero frequency . .
might be possible. Qualitatively, this was tested by com—,for eachtest. The ratio okfdt and (dh/dt)creeplS plot-

paring da/dt extrapolated from the frequency experi- ted as a function oR-ratio in Fig. 11. In creepR = 1.0

ments with creep crack growth rates calculated fromanOI the ratio is unity. As th&-ratio decreased.afat
P 9 Increased over the calculatedadit)creepand, whenR

Equation 1. Equation 1 was obtained from previous ex- .
periments on the same HDPE under constant frequency astg.lha/(:ft was hlghe(; tt)% a;actor Qf 4-5. Decre?s-f
and extrapolation to creep was made by increasing th g the R-ralio Increased the dynamic component o
R-ratio from 0.1 to 1.0 (creep) [4]. The resulting power ?]ac:clng, and the crack growth rate accelerated due to
; : : the fatigue action.
law relation, Equation 1, described da/dt over the en-""> "= .
W ' quat ! v It is important that, despite the broad range of ab-

tire range of loading conditions between fatigue and lut I f load that loved in th
creep. In creep; = Ki max= Ki mean and Equation 1 solute values of load that was employed in the exper-

imental series, and the more than an order of magni-

da/dt (mm/s x 10°%)
—
|

0.01 0.1 1

reduces to: . :
tude difference in the crack growth rates, all the data
da
—~ —BK? 3
dt | ( )
6
For this HDPE,B=5.7 x 10_6 mm mz/S/MPé' [4] e K., =130MPam)™
In the experiments with varying frequend max was 5 8 e s K, =108MPam)? | ]
1.30 MPa(my’?, and K| mean Was 0.72 MPa(ni)?. & K. = 0.85 MPa(m)™
Substitution of these values into Equation 3 yielded | . Low 9 Koean = 0.72 MPa(m)™
creep crack growth rates of 1.63 and®x 10~° mm/s §§: “
for Kimax and K mean respectively. The value of I ;fg 2 e 2
0.5 x 10~° mm/s that was obtained by extrapolating to NI .
. . . . v
zero frequency in Fig. 10b was intermediate betweer «
these two numbers. 1L v .
The extrapolation to creep in both varying frequency
and varyingR-ratio experiments indicated that creep 0 , : : : :
0.0 0.2 0.4 0.6 0.8 1.0

plays a major role in fatigue crack propagation. The
role of creep was examined previously by consider-
Ing fatlgue crack growth to consist of two COmponemSFigure 11 Effect of R-ratio on measured crack growth rate normalized
[31, 33]: the crack gr_OWth due f[O creep 'and the cracky the calculated crack growth rate for creep controlled crack growth for
growth due to true fatigue. Previously, this method wasests at constari| max and constank| meanwith frequency of 1 Hz.
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TABLE | Effect of Kmean R, and Frequency on Damage Zone Size and Crack Growth Rate

Kmean Frequency  Zone Lifetime ~ Max CTOD  Min CTOD  Jump Length a(dt)creep da/dt
MPa(m)-/2 R Hz sx1072 mm mm mm mm/s<1®  mm/sx10°

Kmax = 1.30 MPa(m}/2

0.72 010 1.0 262 0.093 0.077 ®0+0.10 0.48 2294 0.27
0.85 030 1.0 49 16 0.157 0.143 ®6+0.13 0.57 176+ 0.67
1.04 0.60 1.0 639 0.277 0.262 154017 0.81 156+ 0.19
1.30 1.00 1.0 8% 20 0.349 0.349 B8+025 1.67 162+ 0.40
Kmax = 1.08 MPa(m}/2

0.59 010 1.0 424 0.081 0.066 (38+0.02 0.24 089+ 0.09
0.72 032 1.0 715 0.099 0.093 ®0+0.05 0.28 0854+ 0.08
0.81 050 1.0 o9& 16 0.121 0.114 84005 0.34 087+0.18
1.08 1.00 1.0 12611 0.258 0.258 ®74+002 081 0814+ 0.07
Kmean= 0.85 MPa(m}/?

0.85 020 1.0 283 0.131 0.111 ®44+002 0.75 3004+ 0.36
0.85 030 1.0 49 16 0.157 0.143 ®6+0.13 0.57 176+ 0.67
0.85 050 1.0 7% 8 0.099 0.095 B83+005 0.40 112+ 0.25
0.85 1.00 1.0 28@- 30 0.172 0.172 ®14+024 0.30 033+ 0.06
Kmean= 0.72 MPa(m}/2

0.72 010 1.0 262 0.093 0.077 ®0+0.10 0.48 2314+ 0.27
0.72 032 1.0 715 0.099 0.093 ®0+0.05 0.28 0854+ 0.08
0.72 057 1.0 18650 0.099 0.096 74007  0.19 033+ 0.08
0.72 1.00 1.0 43% 90 0.113 0.113 ®5+0.07 0.15 0154+ 0.04
Varying Frequency

0.72 0.10 1.00 262 0.093 0.077 ®0+0.10 0.48 2314 0.27
0.72 0.10 0.50 3&5 0.104 0.082 ®8+0.12 0.48 188+ 0.27
0.72 0.10 0.20 645 0.128 0.102 F3+012 0.48 114+0.13
0.72 0.10 0.10 1087 0.144 0.118 ®83+015 0.48 083+ 0.10
0.72 0.10 0.01 196 10 0.168 0.126 D0+015 0.48 0524+ 0.05

overlapped well enough to follow the same curve. This 030 r———T"—"—""—" T
indicated that the fatigue acceleration in the constan O Constant K,
frequency experiments was controlled by tReatio. 0 ConstantK ..,
Including also the varying frequency experiments, it is<, .20

seen that all the data are described by the followin¢ e

0.25

equation: E‘: 015 _

£ p

5 010 F E

da 4 @ :

T B(K'®));B(R. ) (%) 0.05 [ E

where the functiong(R, f) is a fatigue acceleration  0.00 :Oso' Y 0.4 06 0.8 1'0
factor that appears to be independent of the absolut ) ' ' 1-R ' ’ '

load. As regards the parameters that affect fatigue ac-

celeration R-ratio determines the amplitude of the load Figure 12 Relation betweeR-ratio and strain rate for tests at constant

oscillation, andf defines their time scale. Because thek; max and constank| meanwith frequency of 1 Hz.

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- constant value for most of the test, which was taken for

tigue crack growth acceleration in polyethylene shouldhe strain rate evaluation.

be sought in the strain rate effects. The effect ofR-ratio on strain rate is shownin Fig. 12
for varying R-ratio tests run under constaif max and
constanK; mean The data are plotted against the quan-

3.3. Effect of strain rate on crack tity (1 — R) = AK|/K| max because the amplitudes of
growth rate the strain and the stress oscillations were expected to

The magnitude of the strain rate at the crack tip wasorrelate. Confirming this expectation, the strain rates

defined as the average over the fatigue cycle: for both series of tests fell on the same curve. The data

were described by the relatiean= 0.25 (1— R)? for ¢
expressed ing.

The effect of strain rate on crack growth rate is shown
in Fig. 13 where the measured crack growth rate nor-
Except for a short initial period, the amplitude of the malized toB(K*(t))t is plotted against strain rate for
craze opening oscillation, CTQRx— CTODy,,, was  all tests with varyindR-ratio and varying frequency. All
almost constant over the craze lifetime. In addition,the data fell on the same curve, which indicated that the
CTODnmin increased rapidly early in the test and thenacceleration in crack growth rate due to the fatigue ac-
leveled off. Althougke’initially decreased, it reached a tion was dependent only on strain rate (or, specifically,

(6)

st CTODmax — CTODnin
B CTODmin

1864



6 T T T T 4. Conclusions
sk E The step-wise crack growth mechanism was observed
C ° ¢ 1 in HDPE for all the frequencies anB-ratios tested.
L 4F o 5 o . Crack growth rate was modeled as the combined con-
";;i: oF . o ? ] tributions from creep and fatigue loading. Calcula-
% Tt g o tion of the creep contribution was based on the si-
2F og o K,vaied nusoidal loading curve and the known dependence of
o2 o K, varied ] creep crack growth in this HDPE dﬁl“. Fatigue crack
1 F* e Frequency varied | growth was completely controlled by creep processes
ol 1, T R S if the frequency was low enough. Tests with different
0.00 0.05 0.10 0.15 0.20 025  frequencies and differerR-ratios were correlated by

considering the strain rate at the crack tip. The fatigue
component of loading was found to depend only on
Figure 13 Effect of strain rate on measured crack growth rate normalize_ds»u.ain rate. The experiments confirmed a model for fa-
to the calculateo! crack growth rate fqr creep controlled crack growth 'ntigue crack growth that consisted of a creep contribution
tests under varying frequency afdratio. i .
that depended only on stress intensity factor parameters,
and a fatigue contribution that depended only on strain
the strain and the time over which the strain was aprate.
plied). Therefore, crack growth rate in fatigue can be
characterized by a contribution from the creep proces
multiplied by a fatigue acceleration factgrthat is a
function of strain rate only:

Strain Rate (s
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