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ABSTRACT: The effect of residual stresses on stable crack growth (SCG) behavior in poly-
ethylene pipes was investigated. For the investigation, a new SCG specimen and test method
were developed which offered a promise for characterizing the slow crack growth behavior in
pipe sections without disturbing the existing residual stress state. The specimen was in the
form of diametrically loaded ring, obtained from a pipe, having a notch either at outer sur-
face or at inner surface, corresponding to a state of compressive and tensile residual stresses,
respectively. It was demonstrated that crack growth from the compressive stress region was
delayed due to circumferential compressive residual stress while accelerated under the tensile
residual stress. In the absence of residual stress the slow crack growth was independent of
whether the crack was initiated at inner or outer surfaces. The estimated stress intensity fac-
tors for the outer notched samples were 300 KPaym and 550 KPa{m for as received and
annealed pipes, respectively, clearly demonstrating the value of SCG specimen with regard to
residual stress effect on the crack driving force. The physical evidence for the residual stress
effect is presented from the respective crack front shapes.

Keywords: plastic pipe, ring SCG specimen, residual stress and distribution, slow crack growth.

218 A1E 19973 1¥

83



Sunwoong Choi and Lawrence J. Broutman

INTRODUCTION

The effect of residual stresses on the behavior
of materials has been reasonably well studied in
the case of traditional materials like metals and
ceramics. However, unfortunately, such study has
not been so extensive In polymers and in particu-
Jar a very limited study exists on slow crack

Y2 One reason why the residual

growth behavior.
stresses In polymers have been neglected may be
related to their magnitude. The maximum values
of residual stresses that can exist are always lim-
ited by the yield stress of the materials since
stresses in excess of the yield strength are re-
lieved by the plastic flow. The yield strength of an
organic polymer is generally much less than that
of a metal or a ceramic glass. Thus, the residual
stresses in a polymer may appear insignificant
‘compared to those found In metals and ceramics.
It is now recognized that their relative effect on
materials behavior is the same independent of the
material system. Depending on the sign, magni-
tude and the distribution of the residual stresses
with respect to the superimposed external stress-
es, it can be either beneficial or detrimental. Bene-
ficial if one can control in a way by which they
can be selectively introduced in the areas needed.
However, in most cases, if possible, one would like
to avoid internal stresses for the simple reason
that for many documented cases, the residual
stresses were the predominant factors contribut-
ing to these failures.

In plastic pipes and fittings for low and medium
pressure applications, the most important material
characteristics governing the field failures are the
crack initiation and the subsequent rate of slow
crack propagation.”'® The resistance to these two
characteristics basically determines the lifetime
performance of the plastic pipe and fitting struc-
tures. The slow crack can occur in stress intensity

factors well below the critical stress intensity fac-
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tor, hence any. influences that change the stress
Iintensity factor, such as the residual stress, can
have profound effect on the slow crack growth be-
havior. The authors have shown that the residual
stresses are present in these pipes and fittings and
reported that a maximum biaxial tensile residual
stresses were present at the inner surface and a
maximum blaxial compressive stresses at the
outer surface of the pipes.'* It was also shown
that the Initiation and the slow crack growth are
very much dependent on the condition and the
stress state that exist at the surface.®™ Hence, it
Is expected that the crack initiation and the rate
of slow crack growth behavior from each of the
surfaces will be different from each other.

To systematically solicit the residual stress ef-
fect on deformation and fracture behavior one
needs to either find a technique to either methodi-
cally vary the residual stress state, or to use a
methodology of testing the effect without chang-
ing the original stress state and its distribution.
The former requirement is more difficult to
achieve because the fact that techniques such as
annealing create changes not only the residual
stress state but also the material property, like
crystallinity of the polymer, which also has influ-
ence on the mechanical behavior. With regard to
this, authors reported that the crystallinity chang-
es from annealing affected primarily the deforma-
tion related properties, while the residual stress
change was the dominant factor influencing the
fracture behavior.'® In this paper, results relating
the residual stress to crack initiation and slow
crack growth in residually stressed polyethylene
pipes used for the natural gas distribution system
are presented. A new slow crack growth (SCG)
test specimen will be described, which offers
promise for characterizing crack initiation and
growth in plastic pipe sections without disturbing

the existing residual stress state.
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DEVELOPMENT OF SCG
RING SPECIMEN

The investigation of the stable crack growth be-
havior in materials involves the study of crack ini-
tiation and propagation, generally under the mode
I fracture geometry. Thus to measure the effect
of residual stresses on mode I slow crack behavior
in a residually stressed pipes, ring samples sec-
tioned from the pipes having notches in residually
stressed locations, and loaded in diametrical com-
pression was Investigated (Fig. 1). Through thick-
ness circumferential residual stress distribution in
PE23061IA 2SDR11Y ring samples, measured by
the turning and boring methods' is illustrated in
Fig. 2. A compressive hoop residual stresses exist
near the outer surface and tensile near the inner
surface. Thus, when the notches were introduced
at positions 1 and 2 (Fig. 1), the notch tips be-
came exposed to a compressive and a tensile
residual stress states, respectively. The magnitude
of the residual stress at the notch tips depended
on the length of the notch introduced. In an equi-
librium system, forces from the residual stresses
having different signs need to balance, and the
force balance can be expressed as shown in Equa-

tion 1.

Figure 1. Notched ring specimen geometry for SCG
testing.
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Here, gy is the circumferential residual stress, and
h and Jy are the current wall thickness and origl-
nal wall thickness of the ring sample, respectively.
Hence, to maintain the equilibrium with an intro-
duction of a notch, the residual stress state need
to redistribute. This implies that to minimize the
change of the original residual stress state, the
notch depth introduced should be as small as pos-
sible, however not too small so that the plane-
strain crack initiation becomes difficult to achieve.
For this, a notch depth of 0.5 mm was experimen-
tally established and this would expect to cause
about 4% change at the each ends of the residual
stress distribution. Thus, for all practical purposes,
by using the ring specimen with a 0.5 mm notch,
the residual stress effect can be tested without
changing the original stress distribution. Also, to
produce plane-strain slow crack growth, a ring
sample width of 25 mm was employed.

To insure the effectiveness of the SCG ring
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Figure 2. Through wall thickness residual stress dis-
tribution in as-received PE23061IA 2SDR11 pipe.
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sample, relationship between the applied diametri-
cal load and the stress magnitudes developed at
notch positions 1 and 2 were determined. For this
an experimental analysis on ring samples pre-
pared from PE2306IA pipe and 2024AL alloy bar
stock, both having 2SDR11 dimensions and
25 mm ring width, was preformed. The samples
were strain gaged at positions 1 and 2 and tested
in a load controlled diametrical compression. The
applied force and the corresponding circumferen-
tial strains developed at positions 1 and 2 were
simultaneously monitored. The results from
PE2306IA and aluminum ring samples are pre-
sented in Fig. 3, in term of strains at positions 1
and 2. For both specimen types, under a given ap-
plied load, the strain at position 2 was twice the
strain at position 1, as indicated by the slopes of
the respective curves. This implies that the stress
produced at position 2 was twice as large in mag-
nitude as compared to position 1. This result was
in agreement with the theory based on mechan-
ics'® and photoelasticity'® which also predicted the
stress ratio between respective positions for rings

having the same mner and outer radius. Thus, to
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Figure 3. Experimental strain calibration curves for
2SDR11 PE2306IA and aluminum rings.
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produce a meaningful slow crack growth data,
using cracks initiating from surfaces containing
residual stresses, it was necessary that a same
stress magnitude be produced at both notch posi-
tions upon diametrical loading. This was accom-
plished by subjecting two samples of position 2
notched specimen at a time In a single loading fix-
ture, while one sample per test fixture was used

for the position 1 notched samples.

EXPERIMENTAL

Material. The material Investigated was the
medium density PE2306IA polyethylene pipe
grade resin.'” The pipes were received as-extrud-
ed in 2SDR11 size (i.e. 50 mm nominal diameter
and the standard dimensional ratio (SDR)-out-
side diameter to pipe wall thickness ratio of 11).
Some of the pipes were annealed at 120 C for 1
hour to eliminate the residual stresses.

Residual Stress Measurements. The circum-
ferential residual stresses both in as-received and
annealed pipes were determined by using the com-
bined method of turning and boring techniques,
presented in detail in the Part 1 of this paper se-
ries.!* Same procedures described in Part 1 were
also followed for the ring sample preparation. The
ring samples from the annealed pipes were sec-
tioned following thermal annealing, The residual
stress data obtained was calculated for the
through wall thickness distribution using Equation
2. Here, 8 is the gap displacement and & is the
differential § with respect to the current wall

oa(h):irg}% {4h6(/1)+h26“ () (2)
h 1 Ay
+2j06(11)d1z- 7( 4f0 no(h) dh
0

+ :’hzav (h)dh+2 j :“ j Tam) dhdh)}

Polymer(Korea) Vol. 21, No. 1, January 1997



Residual Stresses in Plastic Pipes and Fittings: III. Effect on Stable Crack Growth Behavior

thickness /. The plus and minus signs preceeding
the right hand side represent turning and boring
methods, respectively. Also, for turning and bor-
ing, ¢ is the inside and outside ring diameters, g
and b, respectively. Equation 2 is evaluated by §
(k) and & (h), which are the quantities
experimentally determined.

Slow Crack Growth (SCG) Measurements.
The slow crack growth behavior in as-received
and annealed pipes was investigated by using ring
samples having 25 mm width and notch depth of
0.5mm. Two types of ring samples were pre-
pared. In one type, the notch was placed at posi-
tion 1, and in the other type at position 2, corre-
sponding to notch at compressive and tensile
residual stress fields, respectively (Fig. 2). The
notch was placed across the full width of the ring
and perpendicular to circumferential direction,
using a razor blade in a specially designed notch-
ing fixtures. Notching procedure was standardized
as to the penetration rate of the razor blade and
the dwell time, and the notch depth produced was
monitored with an optical microscope and further
checked with the vertical micrometer on the mill-
ing table. Also, after the test, the Initial notch
length was again checked from the fracture sur-
face. The slow crack growth experiments were
performed vnder diametrical compression on ring
samples in a 25 v% Igepal-75 v% deionized water
solution at a temperature of 50+0.5 C. A con-
stant diametrical compressive force of 445 N was
applied on the ring sample using a pneumatic cyl-
inder, and the load was controlled to #05N
through a strain gage load cell system attached to
the same pressure line. The sample with notch at
position 1 was loaded at points 90 C from the
notch, while parallel to notch was employed with
position 2 notched specimens. Also, for the latter
specimens, two samples were tested simulta -
neously In a single test fixture, as shown in Fig. 4.

The slow crack growth measurements were

#Felol A2l A1z 1997d 14

Figure 4. Loading fixture for SCG testing.

achieved by monitoring the crack extension with
time. For this, samples were taken out at intervals
of the load duration time up to where there was a
substantial crack extension through the wall
thickness. The ring samples were then washed in
distilled water to remove Igepal and impact frac-
tured In liquid nitrogen to reveal the fracture sur-
faces. The crack length at various load duration
times was obtained from the fracture surface by
measuring the crack length at several different lo-
cations of the crack front, using a traveling micro-
scope (30X), to a resolution 0.01 mm. T¢ repre-
sent statistically averaged data, multiple speci-

mens were tested for each load-duration time.

RESULTS AND DISCUSSION

The residual stress state at the tip of the
0.5 mm razor notch in as-received SCG ring speci-
men is shown in Fig. 2. Introduction of the notch
is expected not to alter the original hoop residual
stress distribution throughout the wall thickness,
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except near the notch planes created, as was dis-
cussed before. Thus, notch tip at position 2 where
crack initiation is to begin is surrounded by a ten-
sile residual stress not too different from its maxi-
mum value at the inner most surface. Similarly,
at the notch tip position 1, a compressive residual
stress 1s present, although because of the stress
gradient, some what less magnitudo exists com-
pared to the one at the outer most surface. Thus,
for the same appled stress, the total tensile stress
available at the notch tip 2 is greater than for
notch tip 1 in as-received specimens, while in the
case of annealed rings the total stress for driving
the cracks at both locations should be approxi-
mately the same since the residual stresses have
been removed during prior thermal annealing
(Fig. 5). As a consequence, the crack mitiation
and the slow crack growth behavior in as-re-
ceived and annealed pipes are anticipated to be
different, as their fracture behaviors are influ-
enced by the differences in signs and magnitude
of the residual stresses present at the repective
notch tips.

The slow crack growth results obtained from
the as-received and annealed (120 °C, one hour)
ring specimens are 1lustrated in Fig. 6 for position
1 and 2 notches, in terms of crack length versus
the loading time. Distinct differences in the crack
growth behavior can be observed between the an-
nealed (zero residual stress) and as-received
pipes, and between the crack growth initiating
from notches 1 and 2. For example, the crack
growth starting from the outer surface (notch po-
sition 1) in the annealed specimen is much faster
than for the as-received specimen. Also, a sub-
stantial incubation time for crack initiation exist
in the as-received specimens, while there may be
a short incubation time present in the annealed
specimens. Such differences in the slow crack be-
havior between these specimens can be attributed
to differences in the residual stress state at the
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Figure 5. Through wall thickness residual stress
distribution for 120 °C, 1 hour annealed PE2306IA
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Figure 6. Slow crack growth behavior in as-re-
ceived and annealed pipes at notch positions 1(outer
notch) and 2(inner notch). (Ul) as-received/inner
notched, (UO) as-received/outer not-ched, (AQ) an-
nealed/outer notched, and (Al) annealed/inner
notched.

notch tips, where the compressive stress was no
longer present in the annealed specimen due to
prior annealing. Similarly, the slow crack growth
starting from the inner surface notch tip (position
2) is less for the annealed specimen, again consis-
tent with the fact that tensile residual stresses are
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removed. It also appears from the shape of the
curves, that the incubation time for crack initia-
tion may have been eliminated for the as-received
/inner notched specimen, while a short incubation
may exist in the annealed specimen. For example,
to achieve a slow cracked length of 2.5mm, it
takes about three times less for the notch in the
tensile residual stress field (inner notch, as-re-
ceived) than the notch m the compressive field
(outer notch, as-received). Similarly, for the same
crack length, about 100% increase in the slow
crack growth time can e observed with annealed
specimen (zero residual stress), as compared to
inner notched, as-received specimen. These results
clearly demonstrate the relationship between the
residual stress state and the rate of crack initia-
tion and propagation. Hence, in view of the fact
that the long-term field performances of the poly-
ethylene pipes are closely related to the rate of
crack mitiation and slow propagation through the
pipe wall thickness, these results provide a direct
indication that depending on the existing residual
stress conditions in pipes and fittings, their struc-
tural performance will similarly vary. Fig. 6 also
shows that for annealed specimens the crack
growth behavior 1s independent of whether the
crack growth was initiated from the inner or the
outer surface. This result verifies that the applied
stresses at the notch locations 1 and 2 were in-
deed approximately the same for the experimental
method developed and utilized during this work,
as was previously described in the section dealing
with the specimen development.

Physical evidence that the slow crack growth is
influenced by the residual stress can be seen from
the fracture surfaces shown in Fig. 7, 8 and 9 for
annealed outer notched, as-received outer and
inner notched slow cracked  specimens,
respectively. The shape of the crack front, during
progressive slow crack growth shown for the an-
nealed specimen (Fig. 7) is a typical indication of
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Figure 7. Fracture surfaces of outer notched (notch
1) annealed specimens at various load duration times.
(a) t=¢, (b) t,>1, and (c¢) approximate crack tip
stress states.

plane-strain fracture being occurred. Similar
plane-strain crack front shape was also obtained
for the annealed inner notched specimen. This is
expected because for the annealed samples the im-
posed crack tip stresses were tensile and that no
residual stresses existed. For as-received outer
notched specimens (Fig. 8), the crack grows
faster near the edges than at the center region,
while the opposite is true for the as received inner
notched specimens (Fig. 9). The shape of the
crack front clearly indicate the residual stress ef-
fect in that while the compressive residual stress
at the crack tip acts to retard the slow crack
growth, tensile residual stress accelerates the
growth. Since the rings were cut from the pipe,
the residual stresses in the ring axial direction
were relaxed in the region near the ring edges.
Hence, the slow crack growth was faster at the
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Figure 8. Fracture surfaces of outer notched (notch

)

1) as-received specimens at various load duration
times. (a) t=1¢,, (b) t,>4, (¢) 3>, and (d) approx-
imate crack tip stress states.

sample edge region than the center region due to
partial compressive residual stress removal (Fig.
8), while, imtially no crack growth was observed
at the edge regions due to tensile residual stress
removal (Fig. 9). It is interesting to note that for
the as-received outer notched specimen, when the
crack growth reaches the regions of low compres-
sive residual stress or the beginning of the tensile
residual stress state at the notch tip (Fig. 2 and
8), the crack at the center portion begins to grow
faster than the edge region, as such that it takes
on the shape typical of the plane-strain fracture
(Fig. 8c).
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Figure 9. Fracture surfaces of inner notched (notch
2) as-received specimens at various load duration
times. (a) t=¢, (b) #>¢, and (c) approximate
crack tip stress states.

The appearance of the slow crack growth frac-
ture surfaces is typical of the fibrillated morpholo-
gy, indicative of the slow crack growth being oc-
curred through void nucleation and growth mech-
anisms applied to semicrystalline polymers. Hence
the slow crack growth behavior observed at dif-
ferent residual stress states can be better under-
stood by considering the behavior of hydrostatic
(6,) and deviatoric (S,) stress components at the
notch tip, given in Equations 3 and 4, and how
they are influenced by the presence of residual

% 2 10%). 3)
SU:%[(GH —011) 2+ (0y— 033)

+(0p—011) 0+ 018+ 0,07 (4)
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stresses.

In general, S, is reduced when a multiaxial ten-
sile stress of similar magnitude is created at the
crack tip. This In turn can increase g, which is the
component of the total stress that drive the void
nucleation and growth necessary for the slow
crack growth. Thus, whether the crack growth oc-
curs more or less readily depends on the stress
condition near crack tip and the ratio, g/ S,, 1s a
good indicator for the rate of slow crack growth.
Fig. 7c, 8d and 9c illustrate the approximate
stress state envisioned for notch tips under zero
(annealed), compressive and tensile residual
stresses, respectively, with having the superim-
posed applied stress. For specimen with no
residual stress (7c), the crack tip stresses are all
tensile at the center and causes a normal plane
strain constraint to exist, thus favoring cavitation
and void formation and causes crack front to
advance more rapidly at the center than at the
edge, where a plane stress condition prevails. The
magnitude of stress components at the crack tips
occurred totally from the applied load. This is typ-
ical of the normal slow crack growth. For the
outer notched as-received specimen (8d), the
presence of circumferential and longitudinal com-
pressive residual stresses at the center region of
the crack front acts against the superimposed ten-
sile stresses. As a consequence, /S, became re-
duced and thus delaying the crack growth. Since
the compressive residual stress is equal-biaxial, it
is likely that the total stress parallel to the crack
front may even become compressive, as shown.
0o/ So 1s higher at the crack front near the ring
edge because the compressive residual stresses
near the edges are relaxed as a result of section-
ing the rings from the pipe. Thus, higher crack
growth rate is expected near the edges, as shown.
Similarly, the superposition of tensile residual
stresses to the crack tip tensile stresses at the cen-
ter region increases dy/S, ratio at the crack front,

2ol A21¥ Alz 199743 149

In comparison to no residual stress condition, and
thus increasing the tendency toward the slow
crack growth (Fig. 9¢). However, in the edge re-
gion, the crack growth i1s delayed because of the
fact that the removal of tensile residual stresses
during ring sectioning caused 6¢/.S, to become re-
duced.

Some quantitative estimate of the crack tip
stress field that drives the slow crack growth can
be obtained for the annealed and as-received
samples by calculating the stress intensity factor
(K) given in Equation 5. The relationship be-
tween K and the crack speed (V) is also given
in Equation 6.

| EP%
I<l"“ 2( 1— VZ) (5)
KoV (6)
Here, E and v are the material constants, n is a

constant that depends on operating crack growth

mechanism, and ¢ is the change of compliance
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Figure 10. Compliance curves for outer notched
as-received and annealed SCG ring specimens.
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with crack length, which is obtained by the
differentiation of the compliance curves shown in
Fig. 10. Thus, for the initial crack length of 0.5
mm, and at given load P, the corresponding notch
tip stress intensity factors were estimated as 300
and 550 KPa J/m , for outer notched as-received
and annealed specimens, respectively. The lower
K, value obtained for the as-received specimen
clearly indicates the lower stress field available
for driving the crack, as the crack tip was affect-
ed by the compressive residual stresses. This
strongly demonstrates the applicability of the ring
SCG specimen to slow crack growth investiga-
tions in the residually stressed plastic pipes, where
the residual stress effects are directly determined.

CONCLUSIONS

A specimen and test method were developed to
evaluate the slow crack growth behavior in poly-
ethylene pipes under the influence of residual
stresses. It required no treatment such as anneal-
Ing to vary the residual stress state but utilized a
naturally varying residual stress state, as they
were produced during melt processing. It was de-
termined that the compressive residual stresses re-
duced the rate of slow crack growth while tensile
residual stresses increased the growth rate and
eliminated the incubation period for the crack ini-
tiation. With tensile residual stress at the crack
tip, the slow crack growth was accelerated up to
about three times, compared to the compressive
residual stress field. The physical evidence for this
was observed from the fracture surfaces, which
demonstrated the retarding and enhancing effects
of compressive and tensile residual stresses,

respectively, on the slow crack growth.
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