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ABSTRACT: The effect of thermal annealing on deformation and fracture behavior of
residually stressed polyethylene pipes was investigated. Thermal annealing of the pipes
simultaneously caused a change in material density and the relaxation of residual siresses.
The residual stress relaxation was more sensitive to annealing temperature than annealing
time. Annealing at 120 °C for 1 hour removed the residual stresses effectively. While the
large deformation properties such as the split ring tensile yield strength and the pipe burst
strength were affected primarily by the change of crystallinity, the fracture related proper-
ties were predominantly affected by the residual stress relaxation. Sustained long term
strength and slow crack growth were such properties. It was demonstrated that both of these
properties were sensitive to residual stress change and that 100% increase in fracture times
was observed as a result of tensile residual stress relaxation. Although the environmental
stress cracking resistance (ESCR) test was also conducted to measure the relative cracking
behavior the test was not suitable for determining the residual stress effect, as large deforma-
tion applied on ring sample effectively removed the residual stresses.

Keywords: plastic pipes, residual stress and distribution, annealing, large deformation behavior,
fracture behavior.
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INTRODUCTION

The long-term behavior of polyethylene pipe
materials 1s dependent on several factors, includ-
ing the residual stress. It was demonstrated that
the residual stresses and their distributions exist
through the wall thickness of the polyethylene
pipes.®
al tensile residual stress is present at the inner

Also, 1t was found that a maximum biaxi-

surface and a maximum biaxial compressive
stress at the outer surface. Thus, it is expected
that the mechanical behavior will be affected. In
general, the study of the residual stress effect in-
volves a procedure of thermal annealing, which
attempts to systematically vary the residual stress
states. The problem with thermal annealing is that
not only there is a change of residual stress states,
but also creates material changes such as density
and detailed crystallite morphology. As a conse-
quence, the mechanical properties are influenced
and thus affecting the structure performace of the
pipes. Hence, the property change due to anneal-
ing could he attributed to either a density change
or a residual stress change or both. For polymers
it Is generally shown that the residual stresses will
influence solvent stress cracking resistance, brittle
fracture strength, fatigue strength and impact
strength,”'! although no such studies exist specifi-
cally with regard to plastic pipes.

In the application of low and medium pressure
rated polyethylene pipes and fittings, the tensile
yield strength, quick burst strength, sustained
long-term strength, ESCR and the slow crack
growth characteristics of the pipe resins basically
determine their performances. The first two are
the large deformation related properties, while the
latter three are the fracture properties. In the
presence of residual stresses these properties are
affected, but to which degree is not yet reported
for the polyethylene pipes. The magnitude of den-

sity change and residual stress relaxation upon
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annealing has been determined by the authors.!
However, how each of the change affects defor-
mation and fracture behavior has not been report-
ed. The importance of such is that it will allow the
proper choice of experiments to be performed in
rating the plastic pipe materials, having the
residual stress effect accounted for. In this paper,
results relating the annealing effects to tensile
yield strength, quick burst strength, long-term
strength, ESCR and slow crack growth in
residually stressed polyethylene pipes are pre-
sented. The results are summarized with regard to
separating the effect of residual stress relaxation
and the morphological changes to pipe mechanical
properties. For this, various tests were performed
on as-received and annealed pipes and correla-
tions were made between tests to demonstrate
each effect of material density change and
residual stress relaxation on deformation and
fracture properties. Also, a finding on ESCR test
method 1s included in the context of its validity

for measuring the residual stress effect.

EXPERIMENTAL

Material. The material used for the investiga-
tion was the medium density PE2306IA polyethyl-
ene pipe grade resin.'? The material was received
In as-extruded pipe form, having 2SDR11 size
(1.e. 50 mm nominal diameter and standard di-
mensional ratio (SDR)-outside diameter to pipe
wall thickness ratio of 11). To achieve systematic
variation In magnitude and distribution of the
residual stress state along the pipe wall thickness,
some of the pipes were annealed at 80 'C, 100 °C
and 120 °C, for 1 hour, 10 hours and 100 hours.
Density changes upon annealing were determined
by a density gradient column per ASTM D-1515.

Residual Stress Measurements. The resi-
dual stresses in both the annealed and as-received

pipes were determined by using turning and bor-
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ing methods, and ring slitting methods, presented
in detail in the Part 1 of this paper series.!® Same
procedures described in Part 1 were followed for
the sample preparation. The ring samples utilized
for the annealed pipes were sectioned from pipes
following thermal annealing. The maximum longi-
tudinal and circumferential residual stresses at
the outer and inner most pipe surfaces were ap-
proximated by the slitting techniques and Equa-
tions 1 and 2, respectively.?

_ L EWxh Dy(t) — D
O(max) = 77— Dy (1) Dy

(D

GL( max) — L'_) (2)

Here, E(t), hy, v, 4(¢), L are the creep modulus,
wall thickness, Poisson’s ratio, tongue end deflec-
tion, and tongue length, respectively. D, and I
(¢) are the mean diameters of the ring sample be-
fore and after slitting. The circumferential
residual stress distributions through the wall thick-
ness were obtained using boring and turning
methods and Equation 3.°°

E()

=+
og(h) = = 127 &

{4h8(h) LR (h)

fy

+2 f "S(hydn — i~(4 1oCh) dh
0 I’lu 0

+ f:oifa’ (hydh + Zfzofjé(h)dhdh)} (3)

Here, § is the gap displacement and 8" is the
differential & with respect to the current wall
thickness. The plus and minus signs preceeding
the right hand side represent turning and boring
method, respectively. Also, for turning and boring
¢ becomes the inside and outside ring diameters, a

and b, respectively.
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Equation 3 is evaluated by using 8(%) and & (A),
which are the quantities experimentally deter-
mined.

Split Ring and Film Tensile Tests. Tensile
tests were carried out on split ring specimens ob-
tained from both annealed and as-received
PE2306IA pipes. Split ring samples were pro-
duced by first drilling 6.35 mm diameter holes,
centered at every 13 mm along the pipe length,
completely through the pipe diameter. Rings were
then removed from the pipe by cutting at each
hole center, and milled to a 12.5 mm height. The
schematic diagram of the split ring sample con-
taining a reduced section is shown in Fig. 1. The
split rings were tensile tested in an Instron ma-
chine, using the split ring tension fixture (Fig. 1).
This fixture was designed in such a way that it
allowed to have rings tensile tested without
altering the geometry or Introducing additional
stresses during testing. A 5.0 mm/minute cross-
head speed was used to obtain load-elongation
curves. Film samples of 0.130 mm thickness were
also prepared by remolding pipes, using a com-
pression molding. The films were either water
quenched (4 °C), or air cooled. Some films were
then annealed at 120 ‘C for one hour. ASTM sized

tensile film samples were produced in a Dewes

O C

Front View Side View
Figure 1. Schematic diagram of split ring tensile speci-

men and loading geometry.
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Gumbs Die Expulsion Press. The load-elongation
curves were determined by using the cross-head
rate of 5.0 mm/min.

Quick Burst and Sustained Internal Pres-
sure Testing of Pipes. Quick burst test and
sustained internal pressure test on annealed and
as-received pipes were conducted per ASTM
D1599 and ASTM D1598 methods, respectively.
In the quick burst test, the end capped pipes were
pressurized in such way that the time to failure
was achieved within 60 to 70 seconds. The corre
sponding burst pressures were recorded. The sus-
tained internal pressure tests were carried out at
80 °C and by applying a constant internal pres-
sure that resulted in a hoop stress value of 4 MPa
on2SDR11 pipes. Failure times corresponding to
the constant applied pressure were recorded. For
80 °C, 100 C and 120 °C annealed pipes, 1 hour
anneal time was applied prior to quick burst and
sustained pressure tests. Pipe samples were ap-
proximately 305mm In length and end caps
(Plexco-2SDR11) were put on at each ends using
butt fusion welding (McElroy Fusion Welder).
For both quick burst and sustained pressure tests
the same equipment was used and the details of
the experimental setup is illustrated in Fig. 2. The
setup hasically consisted of an air driven water
pump, an accurmulator and a manifold containing
submanifolds, each acting as a test station. Each
station was equipped with a bypass valve and a
velocity fuse for initial pressure application and
quick shut off at specimen failure, respectively.
The hoop stress on the pipe sample was produced
by filling the pipe with water and subsequent pres-
surization at the test station. The internal pres-
sure regulation and the fallure time detect on
were achieved by using pressure transducers in-
terfaced to PC. The sudden drop in pressure read-
ing was taken as the sample failure time. Test tem-
perature during sustained pressure test was con-
trolled to + 0.5 °C accuracy, using distilled water

96

Water
Supply l
J Regulated, Filtered
Air Supply
Air-Driven
Pump
Bypass Pipe Sample

Regulator

Velocity | \
Pressure
Transducer

Accumulator

Computer Data
Acquisition

Figure 2. Test setup for pipe quick burst and internal
pressure tests.

as the heating medium. Some of the sustained
pressure failed pipes were further analyzed for
residual stresses by turning and boring methods.
Compressed Ring ESCR Test. For the deter-
mination of ESCR times in as-received and an-
nealed pipes, rings machined from 2SDRI11
pipes (25 mm width) were utilized. A notch of
25 mm long and 0.5 mm deep was produced along
the outer surface, in the circumferential direc-
tion (Fig. 3), by using a razor blade. Several rings
were then placed in a test fixture and compressed
until the top and bottom inner ring surfaces were
in contact. The rings were placed so that the cen-
ter of the notch length was positioned in perpen-
dicular to the compression direction. The compres-
sion fixture-ring sample assembly was then
placed in a beaker containing 25% Igepal solution
and tested at 50 °C, and the ESCR times were re-
corded. The ESCR time was defined as the time
at which compressed ring samples displayed a
crack growth perpendicular to the razor notch.
Slow Crack Growth Measurements. The
slow crack growth behavior in as-received and
annealed pipes were irvestigated by using the
ring SCG sample described in Part Il of this

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

surface
cracks

Figure 3. ESCR compression ring test sample and load-
Ing geometry.

Inner
notch

Figure 4. SCG ring specimen.

paper series.!* For this investigation, 25 mm wide
rings obtained from the pipes were notched at the
inner surface to a depth of 0.5 mm. The notch lo-
cation with respect to diametrical compression
loading axis is shown in Fig. 4. The slow crack
growth experiments were performed under a con-
stant diametrical compression (constant force of
445N) 1n 25% lgepal-75% deionized water solu-
tion at a temperature of 50 'C. The slow crack
growth measurements were achieved by monitor-
ing the crack extension with time. For this, slow
cracked samples were taken out at intervals of
load duration time up to where there was a sub-
stantial crack growth through the sample wall
thickness. The ring samples were then washed in

a distilled water to remove Igepal and impact

®2o A21d AllE 19973 14

fractured n a liquid nitrogen to reveal the crack
surfaces. The crack length at each load duration
time was obtained by measuring the crack length
at several different locations of the crack front,
using a traveling microscope (30X).

RESULTS AND DISCUSSION

‘When residually stressed polyethylene pipes are
thermally annealed to remove the residual stress-
es, not only is there a residual stress relaxation
but also creates material changes such as density
and detailed crystallite morphology. Both of these
changes in turn are expected to affect the me-
chanical behavior of pipes and thus their structur-
al performances. Hence, a better understanding of
how the residual stress and the density change
alter tensile yield strength, quick burst strength,
sustained long-term strength, ESCR and slow
crack growth behavior of the pipe, can provide
the basis for designing better performing plastic
pipe resins.

The change of maximum tensile residual stress-
es in the PE2306IA 2SDR11 pipe, determined by
the slitting method, 1s shown in Fig. 5 with respect
to annealing temperature and lime. Similarly, the
change of wall thickness residual stress distribu-
tion with annealing temperature and time is illus-
trated in Fig. 6. Also, density changes are tabulat-
ed in Table 1 for various annealing temperatures
and times. These results clearly indicate the simul-
taneous change in the residual stress state and
density brought about as a result of thermal an-
nealing. The density change was minimum for the
80 C, and with 1 hour annealing no change was
observed when compared to the as-received densi-
ty. However, for the same annealing condition
(80 C, 1 hour), a noticeable relaxation of residual
stresses occurred such that about 30% reduction
was observed for both maximum compressive and
tensile residual stresses (Fig. 5). With 100 C and
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Figure 5. Change of residual stress with annealing in
2SDR11 PE2306IA pipes.
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Figure 6. Change of residual stress distribution with
annealing in 2SDR11 PE2306IA pipes.

120 °C annealing temperatures the density change
became noticeable and for the latter, annealing
time also played a significant role in increasing
the density. In Fig. 5 it 1s interesting note that the
relaxation of stresses were mostly affected by the
annealing temperature and that the anneling time

after the first hour played a minor role. Also, at
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Table 1. Density Change upon Annealing for
PE23061A (Five Samples were Tested per Condition
and the Standard Deviation was about

+0.0002)

detnsity after annealing (g/cm?)

anneal time (HR)

80 C 100 C 120 C

1 0.9526 0.9545 0.9555

10 0.9533 0.9547 0.9565
100 0.9535 0.9548 0.9575

as-received density : 0.9526 g/cm3

120 °C, the residual stress relaxation became
almost complete. These results seemed to apply
not only to PE2306IA 2SDRI11 pipe but to all
polyethylene pipe types and sizes tested as well.!
Fig. 6 shows that the residual stress distribution
was also similarly affected during annealing at
80 C, and while the tensile residual stress near
the inner surface did not show much change with
anneal time after the first hour, the compressive
residual stress at the outer surface was more sen-
sitive to the time of annealing.

Tensile Behavior. The effect of annealing on
tensile yield strength of pipes, as measured by the
split ring tensile specimen is tabulated in Table 2.
The yield strength of the 80 C, 1 hour annealed
pipe was not different from that of the as-re-
ceived pipe. However, a steady increase was ob-
tained with the higher annealing temperatures.
For 120 °C, 1 hour annealed pipes, approximately
a 19% increase can be observed. To help deter-
mine whether this increase was due to annealing
induced residual stress relaxation or the density
change, tensile test results from compression
molded thin film samples were examined. In the
case of water quenched thin films (0.130 mm
thick), no residual stresses were assumed to be
present because no temperature gradient along
the film thickness was created during cooling due
to the thickness. Therefore, the property differ-
ence between water quenched and annealed films
can be only accounted for by the density change.

Polymer(Korea) Vol. 21, No. 1, January 1997
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Table 2. Variation of Tensile Yield Strength with
Annealing Determined from PE2306IA-2SDR11
Pipe and Compressing Molded 0.130 mm Thick Film

ment annealing conditons _
i w as-received  80°C/1Hr 100°C/1Hr 120°C/1Hr
ring tenslle - ‘ ‘
strength (MPa) 1569 15.69 1651 1865
film strength —
(MPg) 154 - ~ -

In Table 2, the magnitude of yield strength
change between water quenched and annealed
films is similar to those between as recerved and
120 'C annealed pipes. The stress-elongation
curves of pipe and film samples are also shown in
Fig. 7. It can be seen that the films closely simu-
lated the properties of the as-received and an-
nealed pipes. The similarity between the film and
pipe tensile characteristics imply that the effect of
annealing on tensile yield strength of pipe was
due primarily to a change in crystallinity rather
than the relaxation of residual stresses. It should
be also noted that 80 C, 1 hour annealing did not
change the density, however reduced the maxi-
mum residual stress by a measurable degree. The
fact that the spit ring yield strength did not
change, despite the measurable change of residual
stress, is indicative of residual stress not being a
factor for the tensile yield strength behavior.
Quick Burst Behavior. The results from the
quick burst test for as-received and annealed
pipes are illustrated in Fig. 8. In the quick burst
test, the measured quantity was the internal pres-
sure that gave rise to a ductile yielding failure
within a given time frame, which was between 60
and 70 seconds. The burst pressure 1s seen to rise
with annealing temperature and the magnitude of
increase between the as-received and 120 C an-
nealed pipes is approximately equal to those of
tensile yield strength measured from the split ring
test (17% versus 19% increase, respectively).

Thus, the increase in burst pressure with anneal-
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Figure 7. Effect of annealing on stress-elongation
curves for ring and film samples.
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Figure 8. Effect of annealing on quick burst test of
pipes.

ing can be similarly attributed to the increase in
density rather than to residual stress relaxation.
ESCR Behavior. ESCR behavior of as-
received and annealed pipes is shown in Fig. 9.
There exist a trend demonstrating the improved
ESCR performance for specimens annealed at
100 C and above. The ESCR test was conducted
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Figure 9. Effect of annealing on the ESCR perform-
ance.

in such a way that surface crackings were In-
duced at the outer surface, hence the region of
compressive residual stress. In view of this, the
result shown in Fig. 9 1s interesting because the
compressive residual stress effect was not at all
observed. That is, since the compressive residual
stress Is a maximum In the as-received pipe, the
ESCR performance should been the best com-
pared to annealed pipes. In the ESCR test, the
rings were compressed until two opposite inner
surfaces became in contact with each other. As a
result, a large tensile plastic deformation was pro-
duced at the outer surface, where the environmen-
tal stress cracking was to develope. Thus, the
compressive residual stresses at the outer surface
are likely to be relaxed by the plastic deformation
and hence making the ESCR test not suitable for
testing the residual stress effect. In view of the re-
port that the ESCR times were known to decrease
with increasing crystallinity,” it 1s not clear
whether the increase in the ESCR time for higher
temperature annealed pipes can be attributed to
the increased crystallinity. However, the fact that
80 °C annealing did not change the ESCR times

100

and that the magnitude of change between as-re-
ceived and 120 ‘C annealed pipes was similar to
those observed in the tensile yield and quick burst
strengths (20% vs. 19% vs. 17%, respectively)
does point to a conjecture that the ESCR times
were mainly affected by the density changes.
Sustained Pressure Behavior. The perform-
ance of the plastic pipes are primarily rated by
the long-term sustained internal pressure testing.'®
In this test a constant internal pressure is applied
until the pipe failure occurs. The magnitude of the
sustained pressure apphed is well below the pres-
sure needed to cause delayed yielding failure of
the pipe, however in the range to produce brit-
tle (or slit) failures. Failure time 1s the quantity
measured and this is detected by a leak in the
pipe or a sudden drop in the internal pressure, as
a consequence of the pipe failure. The failure time
for the brittle failure mode is the sum of crack ini-
tiation and crack propagation times. Since the
hoop stress developed as a result of internal pres-
sure application is the highest at the pipe inner
surface, and that a tensile residual stress exist at
this surface, cracks are generally initiated at the
inner pipe surface and propagate toward the
outer surface. Hence the increased failure time
implies that the crack initiation was either delayed
and/or crack propagation rates became reduced.
The results of annealing temperature versus fail-
ure time curve of pipes, tested at 80 C and
4 MPa sustained hoop stress, are shown in Fig.
10. As the annealing temperature increased, a
substantial increase in failure time occurred. For
samples annealed at 80 C and 120 °C for 1 hour,
40% and 100% increase can be respectively ob-
served, which is far greater in magnitude than
those property increase caused mainly by the den-
sity changes, as discussed before. In view of the
fact that brittle (slit) fractures in pipe failures
were known to accelerate with increasing crystal-

linity, that is lower failure times,'? such a large in-
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Figure 10. Effect of annealing on sustained pressure-
failure time behavior.

crease in failure times with annealing can be at-
tributed in major part to tensile residual stress re-
laxation at the inner pipe wall surface and not the
density change. To more closely examine the dif-
ference in failure times between the as—received
and the annealed pipes, the residual stresses were
measured before and after the sustained pressure
test. The results are shown in Fig. 11. For the as-
received pipe, the mean failure time was 417
hours and there is a tensile residual stress relaxa-
tion similar to 80°C, 1 hour annealed pipe,
although the compressive residual stress was fur-
ther relaxed. In the case of 80 °C, 1 hour annealed
pipe, relaxation was smaller in magnitude with
mean failure time recorded at 581 hours. Thus,
when compared to Fig. 6 the sustained pressure
had a minor effect on tensile stress relaxation at
the inner surface. Pipes with 120 C, 1 hour an-
nealing prior to testing, exhibited a mean failure
time of 815 hours. For this pipe, the prior anneal-
ing effectively eliminated the residual stress in the
pipe and hence the measurement after the test
was not necessary. Approximately a 160 and 400

hour differences in failure times between as-re-

&2l A21d A1z 1997 1€

—oc——  As-Received
==c~ After Failure (417 Hrs)
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Figure 11. Residual stress distributions before and
after sustained pressure testing.

ceived and 80 °C annealed pipes, and as-received
and 120 °C pipes, respectively, indicate that the in-
itial residual stress magnitude is important and do
support the relaxation of tensile stresses at the
pipe inner surface as the predominant mechanism
by which to retards the crack initiation and or
crack propagation processes.

Slow Crack Growth Behavior. The slow
crack growth results obtained from the inner
notched SCG ring specimens are shown in Fig. 12.
Distinct differences in crack growth behavior can
be observed between the cracks initiating and
propagating from tensile (as-received) and zero
(120 °C, 1 hour annealed) residual stressd states
at the crack tips. For example, to achieve a slow
crack growth of 2.5 mm, it took about 100% less
for the as-received specimen compared to the an-
nealed specimen. This finding is significant be-
cause the magnitude of this difference in failure
times was also observed during sustained pressure
test between the as-received and the annealed
pipes. As noted before, the failure time in the sus-
tained pressure test is the sum of crack nitiation
and crack growth times and the failure begins at
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Figure 12. Slow crack growth behavior between inner

notched annealed and as-received specimens.

the tensile residual stress region. Hence the im-
provement of the slow crack growth time for an-
nealed specimens can be similarly attributed, in
major part, to a relaxation of tensile residual
stresses at the inner surface and not by the densi-
ty change due to annealing. The physical evidence
for the residual stress effect was shown in the
Part Il of this paper in term of the crack front

shape on the fracture surface."

CONCLUSIONS

The effect of thermal annealing on deformation
and fracture behavior of residually stressed poly-
ethylene pipes was investigated. In general, ther-
mal annealing induced a density change and
simultaneously produced residual stress relaxa-
tion. While the large deformation properties such
as the split ring tensile yield strength and the pipe
burst strength were affected primarily by the
change of crystallinity, the fracture related prop-
erties were predominantly affected by the residual
stress relaxation. The sustained pressure and the
slow crack growth were such properties. It was

demonstrated that both of these properties were

102

sensitive to residual stress change and that 100%
increase In fracture times was observed as a
result of tensile residual stress relaxation.
Although ESCR test also measured the relative
cracking behavior the test was not suitable for
measuring the residual stress effect, as large de-
formation applied on the ring sample effectively

removed the residual stresses.
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