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Slow crack growth in PVC pipe was studied in order to develop a methodology for
predicting long-term creep fracture from short-term tension-tension fatigue tests. In all

cases, the crack propagated continuously through a crack-tip craze. In fatigue, the density
of drawn craze fibrils gradually increased with decreased frequency and increased
temperature. At the lowest frequency, 0.01 Hz, the fibril density in fatigue approached that
in creep. The kinetics of fatigue and creep crack growth followed the conventional Paris law
formulations with the same exponent 2.7, da/dt=A;AK?’, da/dt = BK?’, respectively. The
effects of frequency, temperature and R-ratio (the ratio of minimum to maximum stress
intensity factor in the fatigue loading cycle) on the Paris law prefactors were characterized.
Comparison of frequency and R-ratio tests revealed that the fatigue contribution depended
on strain rate. Therefore, at each temperature, crack growth rate was modeled as the
product of a creep contribution that depended only on the maximum stress intensity factor
and a fatigue contribution that depended on strain rate: (da/dt) = BK %2’ (1+ C¢), where B
is the prefactor in the Paris law for creep and C is a coefficient defining the strain rate
sensitivity. A linear correlation allowed extrapolation of the creep prefactor (B) from fatigue
data. The extrapolated values were systematically higher than the values measured directly
from creep and only converged at T,. The difference was attributed to damage of the craze
fibrils during crack closure upon unloading in the fatigue cycle. © 2003 Kluwer Academic

Publishers

1. Introduction

Plastic pipes, particularly those manufactured from
poly(vinyl chloride) (PVC) and polyethylene (PE),
have been in service successfully for many years. In
use, pipes usually experience constant pressure and fail-
ure mainly occurs under a static load. Testing materials
under exact field conditions is impractical because of
the very long failure times, and therefore prediction
of long-term failure from short-term tests is desirable.
The stress-lifetime approach generally used to charac-
terize creep fracture of PVC relies on elevated stress
and elevated temperature tests as a means for predict-
ing long term behavior from short-term tests [1]. A sur-
vey of the performance of unplasticized PVC pressure
pipelines shows that PVC pipes can fail in ways that are
not predicted by regression data of hoop stress versus
time-to-burst [2].
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Fatigue testing presents another method of acceler-
ating fracture. Numerous studies address the nature of
fatigue crack propagation in PVC [3-17]. The crack
growth rate expressed as the change in crack length per
cycle da/dN is usually described by the conventional
Paris relationship

da m
v = AAK] (D

where A and m are material constants, and AK; is
the change in stress intensity factor during one fa-
tigue cycle. The prefactor A of PVC is highly depen-
dent on formulation [3], e.g. molecular weight, plas-
ticizer content, and amount of impact modifier. The
slope m tends to be more consistent, ranging between
2.6 and 3 in most of the recent reports [4-7]. A single
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formulation of the Paris law as given in Equation 1
does not accommodate data for PVC obtained at dif-
ferent frequencies. It was observed that crack growth
rate da/dN increased with decreased frequency [4, 6,
8, 9]. Similarly, Equation 1 may not describe the effect
of changing mean stress under constant A K;. Conflict-
ing reports found crack growth rate to either increase
[8], or remain unchanged [10], with increasing mean
stress.

Recently a fatigue-to-creep correlation in the ki-
netics of slow crack propagation was developed for
polyethylene pipe resins [18-21]. The dynamic com-
ponent of fatigue loading was systematically varied
by decreasing frequency or amplitude. Correlation in
mechanism of fatigue and creep crack propagation
was inferred from the common exponent in the Paris
laws for fatigue and creep, da/dt=Ay AK,‘"O and
da/dt = BK 9, respectively, and subsequently con-
firmed by examination of fracture surfaces. The ef-
fect of varying the dynamic component in the tension-
tension mode was ascribed to the impact of strain rate
on craze fibril growth and fracture. All the kinetic data
could be factorized by modifying the Paris law for
creep to include strain rate effects according to the
relationship

2—‘; = B(K}),(1+ Cé) )
where B(K j‘) r indicates the creep component averaged
over the period 7 of the fatigue cycle and the term
(1 4+ C¢) is a fatigue acceleration factor that is a linear
function of strain rate. The magnitude of the coefficient
C defines the strain rate sensitivity. The larger C is, the
higher the effect of strain rate, and, hence, the greater
the fatigue acceleration.

The goal of the present work was to test the fatigue to
creep correlation developed for polyethylene with an-
other pipe material. As with polyethylene, slow crack
growth in PVC proceeds through a crack-tip craze zone.
However the structure of the craze zone and the man-
ner in which the craze fractures differ considerably.
In polyethylene the large damage zone consists of a
main craze with a continuous membrane at the crack
tip and subsidiary shear crazes that emerge from the
membrane region at an angle of about 30° with respect
to the primary craze [21]. Crack growth proceeds in a
stepwise manner where the crack is arrested for much
of the specimen fracture time. In contrast, slow crack
growth in PVC pipe proceeds by continuous fracture
of a single small crack-tip craze [11-13]. The kinet-
ics and mechanism of slow crack propagation in PVC
pipe in fatigue and creep loading was studied over the
temperature range from ambient to 70°C. The relation-
ship between fatigue and creep was examined by sys-
tematically decreasing the dynamic component of fa-
tigue loading. This was accomplished by decreasing the
amplitude (ratio of maximum stress intensity factor to
minimum stress intensity factor) and by increasing the
time duration (lower frequency) of the tension-tension
fatigue cycle. The results were compared with previous
observations on polyethylene.
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2. Experimental

Compact tension specimens with dimensions in accor-
dance with ASTM D 5045-93 were cut directly from
PVC pipe. The M, of the PVC pipe material was 80,000
with M,,/M,, ~ 2. The pipe had a 610 mm nominal di-
ameter with a 32 mm thick wall. A hoop section was cut
from the pipe and sawed in the radial direction to ob-
tain small blocks. The blocks were machined to make a
specimen of the dimensions specified previously [17].
Deviation from the plane strain condition was mini-
mized with V-shaped side grooves. Specimens were
notched in two steps: an initial 10 mm notch made with
a bandsaw was extended an additional 2.5 mm with a
razor blade cut made at a controlled rate of 1 pums™!
at 80°C. The specimen geometry determined that the
crack propagated radially with respect to the pipe wall.

Mechanical fatigue units capable of applying a very
stable and accurate load (0.5 N) were used to conduct
fatigue tests. The units also operated in creep (constant
load). The stress intensity factor K; was calculated from
the applied load as specified in the ASTM standard. A
manual zoom macrolens attached to a video camera was
used to observe crack growth. The camera was routed
through a VCR and video monitor, and the experiment
was recorded onto videocassette. The crack length was
measured from the video.

Creep loading was approached by two series of
fatigue experiments. One series was undertaken by
increasing R-ratio (ratio of the minimum to the maxi-
mum stress intensity factor) from 0.1 to unity (creep).
Another series of experiments was undertaken with de-
creasing frequency from 1.0 Hz to 0.01 Hz. All fa-
tigue tests were conducted in the tension-tension mode.
Creep tests and fatigue tests were carried out at 23°, 35°,
50°, 55°, 60°, 65°, and 70°C. The environmental cham-
ber maintained the temperature at +0.2°C for temper-
atures higher than 23°C.

Fracture surfaces were coated with 12 nm of gold
and examined in a JEOL JSM 840A scanning electron
microscope (SEM). The accelerator voltage was set at
5 or 10 kV and the probe current at 6 x 107! A to
minimize radiation damage to the specimens.

Selected specimens were loaded until the crack
length reached 1.5 mm, removed from the fatigue unit,
and sectioned perpendicular to the crack growth plane.
Some of the sections were polished, mounted in a sam-
ple holder that held the crack open, coated with 12 nm
of gold and examined in the SEM to obtain the side view
of the damage zone ahead of crack tip. Other sections
were cryofractured in order to examine the correspond-
ing fracture surface in the SEM.

3. Results and discussion

3.1. Paris relationship

The conventional approach for describing fatigue crack
propagation was followed, and the crack growth rate
was tested against the Paris law using the form

N 3)
dt — af 1
where the crack growth rate is expressed as da/dr,

Ay and m are material constants, and AKj; is the



change in stress intensity factor during one fatigue
cycle.

Tests were carried out at constant temperature,
R-ratio and frequency with different K; .. The raw
data (crack length vs. time) were fit with a polynomial
curve, which gave the crack growth rate (da/dt) as the
slope as shown in Fig. 1a. When the crack growth rate
was plotted against AKj, data from each experiment
provided a series of points because the stress inten-
sity factor difference increased as the crack grew, as
shown in Fig. 1b. In each test, there was an initial pe-
riod when the crack growth rate was lower than the
rate of steady state propagation. This was interpreted
as an initiation period during which the balance be-
tween the rates of formation and rupture of the damage
zone was not fully established. Under different K max,
the steady state data described a single linear relation-
ship on a log-log plot, Fig. 1b. The slope of the Paris
plot gave m = 2.7, which was consistent with numerous
reports in the literature [3—17]. The magnitude of the
crack growthrate at23°C (A, =0.1 um s~ alsofellin
the range previously reported for PVC pipe resins tested
under similar conditions of temperature and AKj.
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Figure 1 Effect of K max on fatigue crack propagation in PVC pipe at
23°C, frequency 1.0 Hz and R-ratio 0.1: (a) Crack length as a function

of fatigue time; and (b) Paris plot of crack growth rate.

With the same loading frequency and R-ratio, in-
creasing temperature accelerated crack propagation
as indicated by increasing prefactor A . In contrast,
the exponent m remained constant at 2.7, as shown
in Fig. 2.

Crack growth was considerably slower in creep load-
ing than in fatigue loading, and measurements on a
laboratory time scale were limited to temperatures of
50°C and higher. Creep crack propagation of PVC pipe
followed the Paris law expressed as

da n
pri BK] 4)
where crack growth rate is expressed as da/d¢, B and n
are material constants, and K; is the stress intensity
factor, Fig. 3. In the temperature range studied, the
power law dependence on K; (n =2.7) was the same as
in fatigue. Conservation of the power law dependence
on stress intensity factor in creep and fatigue was in-
dicative of a common crack propagation mechanism
[18-23].

The temperature dependence of crack growth rate
is contained in the fatigue prefactor Ay and creep
prefactor B. Plots of In B vs. T~! indicated that
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Figure 2 Effect of temperature on the Paris plot for fatigue crack prop-
agation in PVC pipe at frequency 1.0 Hz and R-ratio 0.1.
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Figure 3 Effect of temperature on the Paris plot of creep crack propa-
gation in PVC pipe.
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Figure 4 Arrhenius plots of the Paris law prefactor for creep and fatigue
crack propagation with extrapolation to the creep prefactor at 23°C.

creep crack propagation rate followed an Arrhenius
relationship

B = B, exp <;—I;C) &)

with activation energy E. = 140 kJ/mol, Fig. 4. This
allowed the prediction of the creep crack growth rate
at 23°C. A creep experiment at 23°C is currently being
carried out to test the validity of this extrapolation. The
test was started in April, 2001 and a small crack was
observed in Nov., 2002. The predicted failure time from
Equation 5 is about 1000 days, i.e. failure should occur
in January, 2004.

The temperature dependence of the fatigue prefactor
Ay with R=0.1, f=1.0 Hz also conformed to the
Arrhenius relationship

Ar=A —Ey (6)
=A,exp| —=
1= Ao P\ kT
and gave activation energy E y =43 kJ/mol, which was
much lower than the activation energy for creep. The
activation energy for fatigue was similar to that reported
previously [9, 12]. Different activation energies for fa-
tigue and creep crack propagation indicated that fatigue
and creep could not be directly correlated using the
Paris law.

3.2. Fatigue approach to creep

Creep can be approached from fatigue by decreasing
amplitude (increasing R-ratio) or decreasing frequency.
Changing the R-ratio had very little effect on the rate
of fatigue crack propagation in PVC pipe at ambient
temperature with frequency 1.0 Hz, Fig. 5. Data for
different R-ratios superposed within the experimental
scatter except for R-ratio of 0.7. An effect of R-ratio
on fatigue crack propagation rate was more apparent
at 60°C. Tests at this temperature with different R-
ratios could not be superposed if plotted versus AK;
in the fatigue cycle. The fatigue prefactor A ; increased
as the R-ratio increased from 0.1 to 0.7. However, the
data showed the same power law dependence (m =2.7)
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Figure 5 Effect of R-ratio on the Paris plot for fatigue crack propagation
at 23°C and 60°C for frequency 1.0 Hz.

on AK; in the fatigue cycle. A similar effect of
R-ratio on Ay, with conservation of the exponent m,
was observed at 35°C, 45°C, 50°C and 70°C. Thus, a
single formulation of the Paris law did not describe the
R-ratio effect on fatigue of PVC pipe.

Decreasing the frequency from 1 Hz to 0.01 Hz un-
der the same A K| slightly increased the rate of fatigue
crack propagation when crack growth rate was calcu-
lated in the usual manner as da/dN. However, to obtain
comparisons with creep crack growth rates, the crack
growth rate was calculated as change in crack length per
unit time, da/d¢. Calculated in this manner, the crack
growth rate decreased with decreasing frequency. De-
creasing the frequency also emphasized the effect of
R-ratio on fatigue crack propagation rate as shown for
data obtained at 23°C in Fig. 6. The Paris law described
the data at each frequency and R-ratio with a differ-
ent value of the prefactor A ¢, but with the same power
law dependence (m = 2.7). Frequency-independence of
the exponent m in the Paris law characterizes fatigue
crack growth in many polymers, including polyethylene
[19, 20], poly(methyl methacrylate) [24, 25], polycar-
bonate [8], ABS [26], and polyamide-6 [27]. This fea-
ture is generally taken to indicate that the mechanism
of fatigue crack propagation is the same under different
frequencies.
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Figure 6 Effect of frequency and R-ratio on fatigue crack propagation
at 23°C.



3.3. Mechanism of slow crack growth
in PVC pipe

Slow crack growth in PVC reportedly proceeds by for-
mation and fracture of a craze zone at the tip of the
propagating crack [8, 13—16]. To examine the craze
zone, fatigue tests at 23°C at two frequencies (1.0 Hz
and 0.01 Hz) with the same Kj . (1.70 MPam'/?)
and R-ratio (0.1) were interrupted in the steady state
crack propagation region when the crack length reached
about 1.5 mm. The specimens were sectioned through
the crack-tip damage zone to obtain the SEM images
in Fig. 7a and c.

The crack propagated through a pre-existing craze of
highly drawn fibrils as shown in Fig. 7a. Crack prop-
agation occurred by continuous fracture of craze fib-
rils at the crack tip and simultaneous lengthening of
the craze damage zone. Remnants of fractured craze
fibrils were left on the fracture surface, Fig. 7b. De-
creasing the frequency from 1.0 Hz to 0.01 Hz retained
the craze mechanism, however the density of craze fib-
rils increased significantly with decreased loading rate,
Fig. 7c. The higher density of craze fibrils at frequency
0.01 Hz was particularly evident on the fracture sur-
face, Fig. 7d. Nevertheless, the craze mechanism of
slow crack propagation was retained. This confirmed
the conclusion, drawn from the Paris plots, that cor-
respondence in the power law dependence (m =2.7)
indicated that the crack propagation mechanism was
preserved with different frequencies.

The sequence of micrographs in Fig. 8 shows the ef-
fect of decreasing frequency from 1.0 Hz to 0.01 Hz to
creep (0 Hz) at 50°C and K max of 1.70 MPam'/? on
craze fibril density. Again, the fibril density increased
as the frequency decreased from 1.0 Hz to 0.01 Hz,
Fig. 8a and b. At this temperature, creep fracture sur-
faces were available for comparison. The image in
Fig. 8c with many highly drawn and fractured craze
fibrils closely resembled the fracture surface obtained
in fatigue at 0.01 Hz. Possibly the fractured fibrils on

the creep specimen were even more dense and more
highly drawn. The similarity confirmed preservation of
the craze fracture mechanism in creep crack propaga-
tion, as was suggested by correspondence in the Paris
law exponent (m =2.7).

An increase in craze fibril density with increasing
temperature was evident by comparing fracture sur-
faces from fatigue experiments carried out at 23°C and
50°C under the same frequency, R-ratio, and Kj max
(compare Figs 7b and 8a, or Figs 7d and 8b).

Craze failure may occur by fracture (scission) or pull-
out (disentanglement) of highly oriented chains in the
craze fibrils [28-31]. Chain scission is favored at lower
temperature and/or higher strain rate. On the other hand,
chain disentanglement is favored at higher temperature
and/or lower strain rate. In fatigue crack propagation,
increasing density of highly drawn craze fibrils on the
fracture surface with increasing temperature and de-
creasing strain rate indicated the increasing contribu-
tion of chain pullout. When the strain rate in fatigue
was low enough, disentanglement dominated and the
fatigue fracture surface closely resembled that of creep
fracture where the strain rate was essentially zero. This
is illustrated by the 50°C fracture surfaces for fatigue
with frequency 0.01 Hz and creep (Fig. 8b and c).

3.4. Strain rate approach for correlating
fatigue and creep crack growth
in PVC pipe
The role of creep in fatigue crack propagation was ex-
amined previously by considering fatigue crack growth
to consist of two components: the crack growth due
to creep and the crack growth due to true fatigue. The
methodology was developed for discontinuous crack
propagation where the crack was arrested for much
of the specimen fracture time [18-21]. In this case,
the creep rate under variable tensile stress was deter-
mined by the transient magnitude of the load. However,

Figure 7 Effect of frequency on the crack-tip craze in fatigue at 23°C for R-ratio 0.1 and K; max 1.70 MPa m'/2: (a) Craze at frequency 1.0 Hz; (b)

fracture surface at frequency 1.0 Hz; (c) craze at frequency 0.01 Hz; and (d) fracture surface at frequency 0.01 Hz.
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Figure 8 Effect of loading rate on the fracture surface at 50°C for K7 max 1.70 MPa m'/2: (a) Fatigue at frequency 1.0 Hz and R-ratio 0.1; (b) fatigue

at frequency 0.01 Hz and R-ratio 0.1; and (c) creep.

crack growth in PVC pipe is continuous [11-13], and

the creep rate is determined by the maximum load as

B K2.7
I,max* .

As regards the parameters that affect fatigue accel-

eration, R-ratio determines the amplitude of the load
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oscillations and frequency defines their time scale. Be-
cause the periodic deformation of the craze ahead of the
crack tip monotonically follows the load, both param-
eters primarily impact the strain rate. Thus, the origin
of fatigue crack growth acceleration lies in strain rate
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Figure 9 Comparison of remote strain rate (solid symbols) and local
strain rate (open symbols) during fatigue crack propagation at 60°C and
frequency 1.0 Hz.

effects. Therefore, crack growth rate in fatigue can be
characterized by a contribution from the creep process
multiplied by a fatigue acceleration factor § that is a
function of strain rate only

da 27 .
E = BfKI,maxlB(g)
where B replaces the experimentally determined creep
prefactor (B), which was only available for tempera-
tures of 50°C or higher.

The strain rate at the crack tip in fatigue was mea-
sured in two ways: from cross-head displacement and
from notch-tip opening. The former gave the remote
strain rate, whereas the latter was a more direct mea-
sure of the local strain rate at the crack tip. A compar-
ison of the two methods was made for several loading
conditions, as shown in Fig. 9. For a given loading con-
dition, the local strain rate did not change significantly
during the fatigue lifetime. In comparison, the remote
strain rate was initially much higher than the local strain
rate, however it decreased as the crack propagated until
it converged to the local strain rate at 70-90% of the fa-
tigue lifetime. This roughly coincided with the region of
steady state crack propagation that defined the Paris re-
lationship. The examples in Fig. 9 demonstrate that for
a given frequency, R-ratio and temperature, strain rate
at the crack tip did not depend on K .. In contrast,
R-ratio had alarge effect on strain rate, which decreased
from4 s~! to 1 s=! as R-ratio increased from 0.1 to 0.5
for the temperature and frequency illustrated.
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Figure 10 Strain rate in fatigue: (a) Effect of frequency; and (b) effect
of R-ratio.

The remote strain rate was more easily accessed ex-
perimentally than the local strain rate. In experiments
where the strain rate at the crack tip was not measured
directly, the average remote strain rate between 70%
and 90% of the fatigue lifetime was taken as the strain
rate at the crack tip, Table I. The dependence of strain
rate on frequency and R-ratio for various temperatures
is shown in Fig. 10. The strain rate was approximately
proportional to frequency. Increasing R-ratio (decreas-
ing amplitude) from 0.1 to 0.7 decreased the strain rate
by approximately a factor of 10. Increasing tempera-
ture from 23°C to 70°C resulted in a decrease of strain
rate by a factor of five.

The Paris plots for fatigue (e.g. Figs 2, 5, and 6) were
constructed from data obtained under conditions of

TABLE 1 Effect of loading conditions on strain rate during fatigue crack propagation of PVC pipe

Strain rate (s~!) for R=0.1

Strain rate (s~!) for f = 1.0 Hz

Temperature (°C) f=10Hz f=0.1Hz f=0.01 Hz RO.1 RO03 RO.S5 R 0.7
23 8.1 0.95 0.10 8.1 4.0 1.6 0.70
35 53 0.60 0.050 53 2.8 - 0.55
50 5.0 0.50 0.024 5.0 2.6 1.3 0.55
60 4.0 0.25 0.021 4.0 2.1 1.0 0.45
70 2.4 0.12 0.010 2.4 1.2 0.40 0.20
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Figure 11 Relationship between strain rate and fatigue prefactor expressed as Amax = A (1 — R)?>7 at various temperatures.

constant frequency, R-ratio and temperature, and there-
fore each Paris plot corresponded to a constant strain
rate experiment. Noting that AK; = (1 — R) K max, the
conventional Paris law (Equation 3) for fatigue of PVC
was rewritten as

da /dt
K2.7

I, max

= Amax (8)

where Apax = A p(1 — R)*7. The effect of strain rate on
crack growth rate is shown in Fig. 11 with A, plot-
ted against strain rate for all tests with different R-ratio
and different frequency. For each temperature, all the
data fell on the same line, which confirmed that fa-
tigue acceleration depended only on strain rate. From
the data in Fig. 11, an expression for 8 was obtained
where 8 = (1 + Cé¢). Therefore, crack growth rate in
fatigue can be described as the product of a creep
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contribution and a fatigue acceleration factor that is
a function of strain rate only

d
da _ BfK2'7

dr I,max(1 + C&‘) (9)

where the parameters By and C are obtained from the
linear plots in Fig. 11. The limitations to Equation 9 are
that R-ratio must be greater than zero to avoid compres-
sive damage to craze fibrils and that the crack growth
mechanism must be conserved over fatigue and creep
loading conditions.

The strain rate sensitivity parameter C indicates how
strongly fatigue accelerates the rate of crack growth
compared to creep. The effect of temperature on C
is given in Table II. It is seen that fatigue is much

more effective in accelerating crack growth in PVC
pipe at lower temperatures than at higher temperatures



TABLE II Effect of temperature on the strain rate sensitivity (C) in
PVC fatigue crack propagation

TABLE III Effectof R-ratio and frequency on Amax for fatigue crack
propagation of PVC pipe

Material Temperature (°C) C (s)

PVC 23 60
35 17
50 7
60 6
70 6

approaching the T,. As a consequence, fatigue crack
growth rate is readily measured over the entire temper-
ature range including ambient temperature, although it
is practical to measure creep crack growth in the labo-
ratory only at higher temperatures.

At the molecular level, the entanglement loss that
leads to deterioration of craze fibrils occurs by a com-
bination of chain disentanglement and main chain scis-
sion. Craze failure in creep is ascribed primarily to chain
disentanglement by the processes of chain slippage and
pullout. When the temperature is well below 7, disen-
tanglement is very slow and the time to creep failure
is very long. Fatigue accelerates deterioration of craze
fibrils by enhancing the rate of chain scission. This im-
parts a dramatic increase in crack growth at lower tem-
peratures, which is apparent in large values of C. As
the temperature is increased the rate of chain disen-
tanglement is expected to increase faster than the rate
of chain scission [30, 31]. Chain pullout becomes the
predominant mechanism of entanglement loss in both
creep and fatigue. Under these conditions fatigue does
not strongly accelerate failure compared to creep and
the parameter C is small.

The extrapolated creep prefactor from fatigue (B )
and the prefactor measured directly from creep (B) are
compared in Fig. 12. The extrapolated value was sys-
tematically higher than the measured value until they
converged at 80°C, which is the T, of PVC. Inequality
of By and B implied the existence of a fatigue accel-
eration factor in addition to the strain rate contribution.
Damage of craze fibrils during crack-tip closure in the
unloading portion of the fatigue cycle was a possible

In(B)

0.0030

0.0032
T (1/K)

Figure 12 Comparison of creep prefactor extrapolated from fatigue
(B ) with measured creep prefactor (B).

R=0.1, f=0.1Hz R=07, f=10Hz

Temperature

O &™) Amax (um-s7l) (T Amax (um-s7h)
23 0.95 0.011 0.70 0.0050

35 0.60 0.018 0.55 0.0097

50 0.50 0.035 0.55 0.026

60 0.25 0.047 0.45 0.058

70 0.12 0.17 0.20 0.20

cause of the difference between By and B even though
specimens were in tension throughout the fatigue cy-
cle [32, 33]. Because drawn craze fibrils have prac-
tically no recovery, fibrils were compressed and bent
during crack tip closure. With increasing temperature,
chains became more flexible and craze fibrils experi-
enced less damage during crack tip closure until at 7,
chain flexibility was high enough that crack tip clo-
sure did not damage the craze fibrils and B converged
with B.

Other evidence that damage of craze fibrils during
crack tip closure affected the measured crack growth
rate was found by comparing fatigue tests performed
at approximately the same strain rate but with different
loading conditions. As indicated in Table III approx-
imately the same strain rate was achieved with two
different conditions of R-ratio and frequency: higher
amplitude with lower frequency (R =0.1, f =0.1 Hz)
and lower amplitude with higher frequency (R =0.7,
f =1.0 Hz). Despite the generally good correlation
between Ap.x and strain rate in Fig. 11, Ap., was
slightly but consistently higher for the higher ampli-
tude R =0.1, f =0.1 Hz condition, particularly in tests
at lower temperatures (23°, 35°, and 50°C). This dif-
ference was attributed to additional damage sustained
by the fibrils during crack tip closure under the lower
R-ratio condition.

Previous studies that examined the effect of fre-
quency on fatigue crack propagation generally report
the crack growth rate as da/dN. Measured in this way,
the fatigue crack growth rate of some thermoplastics
including polycarbonate, polysulfone, and polyamide-
66 was found to be insensitive to frequency (ambient
temperature, constant R-ratio) with the same power
law dependence m for all frequencies. If the results for
these polymers are considered in terms of Equation 9
with crack speed as da/df, it means that A, is es-
sentially proportional to strain rate, which only occurs
if the product C¢ in Equation 9 is large compared to
unity. Under these conditions, the creep prefactor can-
not be reliably obtained from extrapolation of fatigue
results using Equation 9. It would appear that these
polymers have large C, i.e. the strain rate sensitivity of
crack growth at ambient temperature is high. In order to
reliably predict creep from fatigue, it is essential that fa-
tigue tests be performed under conditions of frequency
and R-ratio that ensure a significant creep contribution
to the overall crack growth rate. This was achieved pre-
viously with MDPE and HDPE, and in this study with
PVC.
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4. Conclusions

Kinetics of fatigue and creep crack propagation in PVC
pipe followed the Paris law with the same power law de-
pendence on stress intensity factor, da/df = A f AK?7
and da/dt = BK?%7, respectively. Although the sim-
ple Paris law was inadequate for correlating fatigue
to creep crack propagation in PVC pipe, conservation
of the exponent 2.7 provided evidence that the mech-
anism of slow crack growth was the same in fatigue
and creep. Examination of crack-tip damage zones and
post-failure fracture surfaces confirmed the mechanism
as continuous crack growth through a crack-tip craze.
The density of drawn craze fibrils decreased with de-
creased temperature or increased frequency. Fatigue
was seen as accelerating craze deterioration by enhanc-
ing the rate of chain scission. Fatigue loading was most
effective in accelerating crack growth at low tempera-
tures where the rate of chain pullout was very slow. At
higher temperatures chain pullout became the predomi-
nant mechanism of entanglement loss in both creep and
fatigue, and consequently fatigue was less effective for
accelerating crack growth. At each temperature, the fa-
tigue acceleration effect depended only on strain rate
in the fatigue cycle. Therefore crack growth rate could
be modeled as the product of a creep contribution that
depended only the maximum stress intensity factor and
a fatigue contribution that depended on strain rate. This
extends an approach developed previously for high den-
sity polyethylene and a medium density polyethylene
pipe resin. This may be a general approach that is ap-
plicable to slow crack growth in other engineering ther-
moplastics.
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