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ABSTRACT

A comprehensive <esearch program has been compl eted to evaluate the
effects of chem % ' and gamma-irradiation environments on the mechanical
properties of crosslinked high-density polyethylene. The studies included
uniaxial creep tests and crack initiation and crack ;,ropagation~ studies in
statically-stressed U-bend samples. From the results obtained standard
testing protocols were recommended for quantifying tne variou: failure modes
which could be present in this material during service as a low-level waste
container.
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EXECUTIVE SUMMARY

Crosslinked high-density polyethylene (HDPE) is a plastic that is being
used as a high-integrity container material for certain types of low-level
radioactive waste.. Among the reasons for its selection are its relatively low
cost compared to metallic ^ materials and its excellent resistance. to many
corrosive environments.- The current research effort was designed to quaatify
the mechanical behavior of such a material (Marlex CL-100, marketed by the
Phillips Petroleum Co.) in chemical and irradiation environments that could be
present in a waste container. The ultimate objective of the study-is to first
identify and quantify those failure and degradation modes that could lead to
failure of the container before and after disposal' in a shallow-land burial
trench and then to specify a testing protocol for HDPE that could eventually
lead to its qualification as a high-integrity container material.

Based on an earlier preliminary study -(500 and others, 1986), it was
decided that the effort should concentrate in two areas:

a) Semi-quantitative U-bend tests to determine the effects of
selected chemical, irradiation, and material variables on the
rates of crack initiation and propagation, and

_

! b) Quantitative uniaxial creep tests in chemical and irradiation
environments to determine how 'they influence the creep rate,
elongation-at-failure (ductility), and the failure time at a
given stress level.

The test results are discussed below and are then followed by a descrip-
tion of the rationale that was used to specify a material testing protocol.

U-Bend Tests in Chemical Environments

The U-bend samples were prepared by cutting strips from the 3.2 mm (0.125
in.) wall of a Marle- 200 HDPE rotationally-molded drum. During the high-
temperature molding . acess the internal surface of the drum becomes oxidized
by the surrounding air causing the surface ductility to decrease. The outer
surface of the drum, on the other hand, remains in a non-oxidized, higher
ductility cond' tion since it remains in intimate contact with the steel mold.
The U-bends y epared for the chemical-interaction studies all had oxidized
material or, ue outer bend surface since it represents a conservative case
where the bending of the material causes surface cracking. It is the growth
of these cracks, and the nucleation of new ones, which was investigated. '

Since oxygen is generally known to be detrimental to HDPE properties,
batches of eight U-bend specimens were placed in four test environments at
room temperature. Each environment was selected because of the different
quantities of oxygen that would be present. They included air, deionized
water (DIW), nitrogen, and a vacuum obtained by a rotary pump.
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It was found that air, water, and nitrogen give larger crack growth rates
than those for the vacuum. Bothwaterandthenitrogenenvironmentareknown{
to contain dissolved oxygen and oxygen contamination, respectively. These;

|

observations are consistent with many other studies which show that oxygen is '

detrimental to the mechanical properties of plastics. The fastest rate of
increase in large cracks is seen to be obtained for water, and this is in
accord with the theory that surface wetting at the tips of growing cracks I
leads to accelerated growth (Shanahan and Shultz; 1979,1980). ],

)
U-Bend Tests in Gamma Radiation Environments

Batches of U-bend specimens, similar to those used for the chemical envi- j
ronment tests described above, were also used to determine crack propagation

3effects for three gamma dose rates, viz.1.4 x 10 , 8.4 x 10", and 4.4 x 10s
rad /h in air. The study showed that irradiation leads to rapid growth in both

f,small and large crack densities. However, a very important point is that -the
low and intermediate dose rates give the larger cracking effects. This proves
that accelerated irradiation tests must be used with caution, since they do
not always give conservative results.

Other tests in this series show that if the oxidized surface layer is I

removed prior to bending the specimens into the U-bend configuration, or if- I

the HDPE is bent so that the non-oxidized surface resides at the apex of the
bend, then crack initiation is very greatly delayed. Clearly, oxygen already
present in the HDPE encourages cracking in the irradiation field but non-

'oxidized material will eventually crack because of interaction with atmospher-
ic oxygen.

Uniaxial Creep in Chemical Environments

Chemical environments used in the creep evaluation included scintillation
,

fluid, turbine oil, and Igepal C0-630. Scintillation fluid contains xylene
|and toluene which are representative of a cl ass of detrimental organic

solvents that could initiate a particular type of failure for HDPE. Turbine
i

oil was selected since it could be a contaminant in l ow-l evel waste, and 1

Igepal is a standard ASTM-recommended surfactant, used for detecting i
susceptibility of HDPE to environmental stress-cracking. Air and deionized

'

water were also used as control test environments.

The specimens studied . were made from as-received material with one
i

surface in the oxidized condition, and al so from material which had the j
oxidized surface removed by abrasive paper. It was found that removal of the i
layer often results in faster initial creep rates but it usually leads to
higher ductility and longer failure times for a given stress level. Close
examination of the creep curves for as-received and non-oxidized HDPE shows ;

that the differences appear after about 20 percent elongation. This is almost
certainly associated with the first appearance of cracks in the oxidized
layer. When cracks appear, localized deformation occurs in the cracked
regions because of stress concentration effects. Until the cracks are
nucleated, deformation in both types of specimen occurs uniformly throughout
the gagelength in a similar fashion. Several types of failure may then occur
in as-received HDPE depending on the environment:

;

1
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a) " Environmental stress-cracking" in- which the cracks grow
quickly in a " brittle" manner causing early failure. Igepal
and turbine oil cause such failure over a range of low
stresses.

b) " Ductile faiNre" which is common for environments such as air,
water, turbine oil and Igepal at intermediate and high
stresses

c) "Superpla stic f ail ure" in which the cracks formed in the
oxidized layer become blunted by easy plastic deformation so
that they grow very slowly, if at all. Deformation then occurs
more evenly throughout the gagelength giving higher ductility
(>200 percent) and failure tim.,, compared to those for stress-
cracking conditions. Such failure is promoted by high stress
levels and, more importantly, by the removal of oxidized
surface material.

d) " Low stress creep embrittlement" which occurs when the stress
level is too low to give large scale plasticity. Failure, if
it occurs, takes a long time and results from " brittle" crack
growth.

Uniaxial Creep During Gamma Irradiation

Gamma irradiation during test is shown to strengthen crosslinked HDPE
during the early stages of creep (Stages I and II). It is postulated that the
slower creep rates during this time are caused by additional crosslinking of
the polymer structure. It should be appreciated that the effects of gamma
irradiation become important very early in irradiation-creep. For example, at

3 (and 2 x 101825 psi) the greatly reduced creep rate caused by
a stress of 12.58 MPa

4irradiation at 5 x 10 red /h is noticeable after about I h, or
less. The accumulated doses would be 5 x 10" and 2 x 105 rad, respectively,
which are quite low dose levels. Obviously, stress and irradiation together
provide a strong interactive effect.

The greatly enhanced rupture times and ductilities of in-test irradiated
HDPE are interesting observations since it has been shown previously that
prior irradiation causes a decrease in failure time and ductility upon subse-
quent testing (Soo, and others,1986). Quite likely, the enhanced plasticity
is associated with chain scission which could become important in the later

| stages of creep.

Testing Protocol

| In order to specify a testing proposal to insure that HDPE is suitable as !
a high-integrity container material it is first necessary to identify all

,

possible failure or degradation modes that a container could experience during i

service. Review of the literature and laboratory testing should be used to
accomplish this goal. From the current study the following failure moces have
been identified:

vii
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a) Environmental stress-cracking
b)- Ductile failure
c)- Superplastic failure
d). Low-stress embrittlement
e). Impact embrittlement
f) Irradiation embrittlement
g) Buckling (this is a composite failure mode involving early creep

followed by fast plastic deformation.)
!

Standard ASTM tests and other tests are available .to quantify the above
failure modes. However, a comprehensive knowledge of the failure modes will
not alone. demonstrate that a container will meet NRC or State performance
criteria. This must be accomplished by first specifying container design
criteria that guarantee compliance and then demonstrating that these criteria-
are met. In many cases, these criteria are of en arbitrary nature and reflect -

the degree of conservatism the designer chooses. For example , a design
criterion to prevent failure by tensile creep could be one of the following:

a) Specification of a design stress-limit for the container which
would insure that creep never enters the Stage III creep region
where failure begins.

b) Specification of a maximum allowable design strain (elongation)
so that failure could not occur.

Alternate design criteria could also be defined. but once one has been
selected it could be used to demonstrate compliance with an NRC (or State)
requirement. Below is summarized a sequence of events which would lead to
demonstration of compliance.

Step 1

Identify from literature surveys and preliminary testing all
possible failure / degradation modes for HDPE containers. Rank them
in oroer of importance with respect to early failure.

Step 2

Initiate comprehensive testing to quantify the failure modes
concentrating, first, on the most important ones.

Step 3
,

Try to specify container service conditions which would render the
container immune to as many failure modes as possible. These modes

i could then be removed from further consideration.

Step 4

Specify container design criteria which, if met, will prevent
failure during service.

viii



Step 5

Use materials test data to show that the design criteria are likely
to be met and, therefore, that regulatory requirements are similarly
met.

Recommended test protocols to quantify the various failure modes include
the following standard ASTM tests:

ASTM D-1693: for environmental stress-cracking

ASTM D-638: for tensile testing

ASTM D-2903: for creep testing

ASTM D-3029: for impact embrittlement

.

These should be supplemented by the BNL U-bend test and any standard
fracture mechanics protocol to quantii'y crack initiation and propagation in
chemical and' gamma-radiation environments. By establishing the extent to
which the failure modes become important under expected service conditions, itI

l should be possible to incorporate design features in the containers that will
assure that they meet their design ' life of 300 years. Full details of the
overall testing protocol are given in Section 6 of this report.

ix
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1. INTRODUCTION

Disposal' of Class B and Class _ C low-level radioactive wastes in a high
integrity container -is listed in the NRC Technical Position on Waste Form as
an option for meeting waste stability requirements under the Rule 10 CFR Part ,

61, " Licensing Requirements . for Land Disposal of Radioactive Waste." High
integrity containers are currently employed for the disposal of dewatered -
demineralized resin waste and high density crosslinked polyethylene (HDPE), a .

thermoplastic polymer, is one of the materials used in their- fabric'ation. j
This choice is based on low cost, ease of fabrication by high-temperature i

i

molding, and its excellent resistance to attack by a very wide range of chemi-
cal environments. _ A shortcoming, however, is its tendency to deform (creep)
under the action of low applied stresses. This could lead 'to buckling of a

HDPE container from soil overburden loads in a shallow-land burial trench. In j

addition, very little information is available on the mechanical behavior of |
crosslinked HDPE. Much more data is available for the non crosslinked poly- i

mer, but these are not representative. The rate of deformation is dependent

on the service environment that the container encounters. In particular, the
contents of the container may cause loss of mechanical integrity of the
plastic through chemical interactions or gamma radiation damage mechanisms. ],
External conditions around buried containers may also influence long term
behavior but preliminary short-term test results in an earlier study indicate
that HDPE gamma irradiated while in contact - with Hanford (Washington) and
Barnwell (South Carolina) soils show similar tensile properties to material
irradiated in air (Dougherty and others,1984).

' '

1

In order to qualify a container for a particular design lifetime it is
first necessary to define through testing, or from reviewing the 'open
literature, all viable failure / degradation modes and then to carry out
research to quantify failure times under prototypic environments. However,
for crosslinked HDPE there is little information available on mechanical
behavior as a function of chemical and radiation environments. Some
preliminary data were obtained in an earlier study at Brookhaven National
Laboratory (BNL) but the tests were of short duration and did not address all
potential failure modes (Soo, and others, 1986). Becau'se of this lack of
information it is very difficult for the Nuclear Regulatory Dmmission (NRC)
to reach findings on the licensability of high-integrity containers fabricated
from crosslinked HDPE.

The objective of the current effort, therefore, is to determine and ,

quantify the failure / degradation mechanisms for HDPE which are critical to
container life. Furthermore, a testing protocol will be specified so that
these mechanisms can be adequately assessed with respect to their potential to
cause early container failure. Where possible, existing standard tests will
be recommended. In situations where a new or modified procedure is desirable
these will be a5ded to the recommended testing protocol.

Testing environments used include air and deionized water, the control
environments, and various classes of chemical environments which would scope
potential types of failure mechanism. In addition, in-test gamma irradiation
will be utilized to check synergistic effects between applied stress and
irradiation-induced structural changes in the HDPE.

1
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2. EXPERIMENTAL

2.1 Material Selection

Ma rlex CL-100 (a highly crosslinked HDPE, produced by the Phillips
Chemical Company) was selected for the study because containers _ fabricated
from this material have been licensad by South Carolina for the disposal of
dewatered resin wastes at the Barnwell site. Test coupons were stamped from
the side walls of two rotationally molded 50.00-L capacity drum type containers
manufactured by Poly-Processing, Inc., Monroe, LA. Although the 5000-L
container does not conform to the design specifications of a high integrity
container in terms of its size or wall thickness, the same basic feed material
was used and Poly-Processing empl oyed a similar process to that used in
fabricating currently-licensed high integrity containers. The majority of the
tests were conducted on a Marlex CL-100 container purchased in 1985. However,
for the creep tests carried out in the presence of gamma radiation, specimens
were prepared from a similar but older container purchased in 1983. This was

i planned because of the availability of prior data on irradiation-creep for
this "old" batch of HDPE (Dougherty and others,1984; Soo, and others,1986).

Usually, tests were performed on material in the as-received condition.
Curing molding, the Marlex resin is heated in a metal mold to about 300 C,
often by high-temperature forced air (Phillips). By rotating the mold about
two independent orthogonal axes, a uniform wall thickness is achieved. The
molding process is completed by cooling the mold by water. As a result of
this procedure, the internal surfaces of the container have a thin oxidized
layer of about 5 microns, whereas the opposite surfaces in contact with the
mold are not significantly affected. Studies have shown that the oxidized
material is less ductile and will crack more quickly during deformation (Soo,
and others, 1986).

|

2.2 Sample Preparation and Retreatment

2.2.1 U-Bend Test Specimens

In addition to the more sophisticated creep tests, several series of
statically-stressed "U-bend" specimens were' prepared. They were made from
flat strips of HDPE which were carefully bent into a U shape and the two ends
were held together using a nut and bolt. Such tests proved to be extremely
useful for metallic and plastic materials because of their simplicity, ease of
preparation, inexpensiveness, and their ability to simulate situations in
which a buried container may be subjected to a static stress caused by in-situ
deformation. Note that the tensile stress will usually be greatest at the
apex of the bend but it will decrease continuously with distance from the

,

apex, eventually becoming zero. Any local cracking of the HDPE during bending
will cause some stress reduction, as will inelastic (creep) deformation in the !

specimen after the bending has been completed.

Two different sizes of U-bend specimen were evaluated in the current I

work. Initially, eight large specimens were prepared for scoping tests on
irradiation embrittlement. They were made from strips measuring 25cm x 2.5cm
x 0.32cm (10" x 1" x 0.125"). The strips were bent into a U shape with the
oxidized surface of the plastic on the outer surface of the bend. The bending

]
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process caused .' cracks to form in the - oxidized ~1ayer. The free ends of the'
specimens were held together with stainless steel- nuts and bolts, passing
through holes located 7.6cm (3") from the , ends 'of the strips. The propagation

| of the cracks under the conjoint action of irradiation and tensile stresses
was monitored visually.'

Based on the success of the U-bend configuration, additional samples of-
U-bend specimens were prepared for both irradiation and chemical environment
studies. These newer samples were made from smaller HDPE strips . measuring
10.2cm x 1.27 cm x 0.32cm ((4" x 0.5" x 0.125"). Holes for the nuts and bolts
were drilled at a distance of 1.27cm (0.5") from the ends of the strips.:
These U-bends were prepared with the outer surfaces in three di f ferent
conditions:

Type I - the as-received oxidized condition, which will have " natural"
cracks present, as a result of bending,

Type II - as above, but with 0.25 mm (0.010") of the oxidized surface
removed with fine abrasive paper prior to bending. (No cracks
were seen after bending),

Type III - the as-received "non-oxidized" surface which -does not crack
during the bending process.

The smaller U-bend specimens were more practical because they required smaller
test facilities and allowed more replicate tests to be conducted.

2.2.2 Creep Test Specimens

Test specimens were stamped to specifications given in ASTM Standard
D-638 (Tensile Properties of Plastics). Various specimen dimensions were used
depending on the thickness of the test material (Table 2.1). Since the
containers used in this work had wall thicknesses of 3.2 mm (0.125.in) a Type
IV specimen was selected, as shown in Figure 2.1. All specimens were stamped
using Die C described in ASTM D-412 (Rubber Properties in Tension).

2.3 Test Environments

The HDPE tests were carried out for a range of chemical and irradiation
environments. Table 2.2 lists them and gives the rationale for selection.

The range of test cavironments used in the study allows potentially
different failure mechanisms to be identified. Although some are unlikely to
be present in burial trenches, the knowl edge gained from the severe test
environments may allow conservative estimates to be made on the long term
behavior of HDPE under actual service conditions.

4 -
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Table 2.1 Dimensions of ASTM specimens of 'different. thicknesses, T.(a) .
.

!
1

.

Type II' . Type III- Type IV |
Parameter :(Tf 7 m) (T=7-14 m) (Tf 4 m) ||

Width of narrow section, W 6 19 6
Length of narrow section, L 57 57. 33
Width overall, min. WO 19 29 19
Length overall, min. LO 183 246 115
Gage length, G

.

50 50 25
Distance between grips, D 135 115 64
Radius of fillet, R 76 76 14
Outer radius, R0 25- .-

a) All dimensions in m.

|

WORO

G ---a=
y

R
L Qpc =

D :

LO=

Figure 2.1 Schematic of a typical Type IV specimen (see Table 2.1 for
corresponding dimensions).
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Table 2.2 Environments used for HDPE testing

Temperature
Test Environment ('C) Basis For Selection

Creep Scintillation fluid 20 Typical aromatic solvent
(IN3TA-GEL) representing severe

scoping test.

Turbine oil 20 Simulant of turbine
(Mobil OTE 797/ Mobil pump oil contaminant.
DTEMedium)

Igepal {Nonylphenoxy 20 Surfactant employed in
poly (ethyleneoxy) environmental stress
ethanol} cracking resistance test

for HDPE (ASTM D-2552)

Ai r 20 Control environment

Deionized water 20 Control environment

Gamma radiation 20 Gamma radiation present
(Cs-137 Source) in low-level waste

U-berd Ai r 20 Control environment

Deionized water 20 Control environment

N 20 Inert gas2

Vacuum 20 0xygen-free environment

Gamma radiation 10 Gamma radiation present
(Co-60 source) in low-level waste

i
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3. CRACK INITIATION AND GROWTH IN U-BEND SPECIMENS

Three series of U-bend tests were completed in the current program. The
first involved small Type I specimens exposed to air, water, nitrogen, and a
vacuum; the second involved large Type I specimenc irradiated in air at three
separate gamma dose rates; and the third comprised small Types I, II and III
specimens irradiated at three separate gamma dose rates. Each series is
discussed separately below.

3.1 Crack Initiation and Growth in Chemical Environments

In the preparation of the Type I specimens (oxidized surface on the outer
bend), it was decided to standardize the bend procedure to ensure that
excessive bending did not occur during sample preparation. The strips of HOPE
were gently bent around a 1.27 cm (0.5" rod) and a bolt threaded through the
holes in the end sections. After tightening the nut and bolt so that the ends,

of the strip were pulled together, the rod was removed and final tightening
carried out so that the ends of the strip were held flatly against each other.

Bending of the Type I specimens caused cracking to occur in the apex
region because of the lower ductility of oxidized material. Some cracks were
large, spanning the width of the sample, whereas others were much smaller.
Since oxidation is known to be detrimental to many plastics it was decided to
study how the existing cracks in the Type I specimens grew in air, nitrogen,
deionized water, and a vacuum.

The test equipment consisted of glass desiccators (without desiccant)
with the lids seal ed with stopcock grease. The air, nitrogen and water
environments were maintained at atmospheric pressure at room temperature. The
low pressure achieved for the vacuum environment was assumed to be typical of
that for a rotary mechanical pump (about 10-2 mm mercury).

For each test environment, eight replicate U-bend specimens were
studied. The propagation of existing cracks and the initiation of new ones
was followed by sketching the initial crack patterns at the apex of each
specimen and then resketching the patterns. after accumulated test periods of
227 days and 437. It was discovered, however, that the vacuum environment was

.not maintained throughout the first test cycle of 227 days. Thus, some |oxidation effects may have been present for part of this test cycle. A good jvacuum was maintained during the second 210 day cycle.
,

l

Figures 3.1 through 3.12 show the crack patterns in each batch of eight IU-bend specimens tested in the various environments. The first figure in each |

series was sketched 24 hours after specimen bending, the second after 227 days
of exposure to the test environment, and the third after an additional 210
days of testing. Cracks are categorized as being large or small depending on
their length. The width or depth of the cracks were not quantified. Thus, a
large crack had a length measuring more than one-half of the width of the
strip the U-bend was made from, i.e. greater than 0.64 cm(0.u") A small
crack is one measuring less than this size. Tables 3.1 and 3.2 show the
numbers of large and small cracks immediately prior to test and after each of
the two test cycles. It was noted that despite care in bending the specimens,

7
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and their random allocations to batches of eight replicate sampl es, the
numbers of starting cracks were not always similar for each batch. For
example, the batch to be tested in nitrogen contained a total of 78 cracks
whereas tnose exposed to a vacuum had 110 cracks. Since a large crack density
would tend to give lower tensile stresses at the 'U-bend surface, care must be
taken to ensure that erroneous conclusions are not made regarding the roles of
the test environment and the magnitude of the stress with respect to crack
initiation and propagation.

Consider first the data in Table 3.1 showing crack distributions after
227 days of exposure. A comparison between the air and vacuum test data is
most appropriate since the initial numbers of cracks are about the same in

each case (106 vs.110). If one assumes that the stress levels in each batch
of eight specimens are similar then it maybe inferred that higher oxygen
levels encourage crack initiation and propagation. During this period the
air-test specimens show a 25.5 percent increase in small cracks versus 14.6
percent to the vacuum-tested samples. During the second test period (Table
3.2) the rate of crack initiation slowed considerably and only three new
cracks were nucleated in each batch of specimens. Overall, it is seen that
the ai r-tested specimens started with fewer cracks and ended with
significantly more than those tested in a vacuum.

U-bend specimens tested in deionized water and nitrogen contained far
fewer cracks at test initiation compared to air and vacuum tested samples.
Therefore, on average, they should be more highly stressed. The data on crack
initiation and growth Tables 3.1 and 3.2 are basically consistent with this
assumption since the rates of increase in total cracks are highest for water
and nitrogen.

Another way of analyzing the effects of environment on the cracking of
the U-berd specimens is to consider the total numbers of new cracks initiated
during the test rather than the percent increases, as described above. It
will be seen from Table 3.2 that 35 new cracks were nucleated in the water
environment, 30 in the air, 25 in nitrogen, and only 19 in vacuum. Although
the results may not be fully significant from a statistical standpoint, they
indicate that specimens tested in air, and which were probably stressed to a
relatively low value because of the larger number of starting cracks, were
still very susceptible to crack nucleation. The abundance of oxygen is the
most likely reason for this enhanced cracking.

Of the four test environments, the water medium probably contains the
[ least oxygen. At room temperature it is well known that the dissolved oxygen '

I level is only 8 ppm. Impurities in the nitrogen gas used, small vacuum leaks,
and the general difficulty in maintaining gaseous test environments over long
periods of time would certainly give oxygen levels in the nitrogen and vacuum isystems much higher than the 8 ppm known to be dissolved in the water. 1

Nevertheless, cracking in water occurred rost easily both in terms of percent !
| increase and the total number of new cracks. Abundance of oxygen cannot be i
l invoked to explain this observation. A possible explanation lies in the

!|wetting of material at the tips of cracks. Work by Shanahan and Shultz (1979,
1980) explored the effects of wetting agents on creep and environmental stress
cracking in polyethylene in terms of the ability of liquids to flow into the
tips of moving cracks thereby enhancing their growth. They postulated that at

i

22

l



. _ _ _ _ _

high stresses non-active liquids (such as water) give behavior similar to that
for air. The current data for water show, in fact, that water is just as
aggressive as air in crack initiation and propagation.

3.2 Crack Initiation and Growth in a Gamma Field (Large Prototype U-Bends)

To check the usefulness of U-bend specimens for monitoring cracking in
stressed HDPE in the presence of a gamma fi el d , eight 1: rge U-bends were
initially made for scoping tests. The Marlex CL-100 Type I specimens were cut
from the sidewall of the "old" HDPE batch. Sample preparation is described in
Section 2.2.1. Bending introduced surface cracking, as described previously.

One pair of specimens was maintained at room temperature to serve as
unirradiated controls whereas three other pairs were irradiated at three

3 63.4 x 10 , 5.6 x 10'', and 2.1 x 10separate Co-60 gamma dose rates, viz.
rad /h. The irradiations were conducted in air at a temperature of about 10 C
in the Brookhaven High Intensity Radiation Development Laboratory (HIRDL).

The specimens were periodically removed from the irradiation facility and
checked for physical and chemical change and general cracking effects. Figure
3.13 shows a general view of a single unirradiated U-bend specimen, and three
pairs of samples irradiated at the different dose rates. The specimens

7 rad were tan in color and had a slight odor. Oneirradiated to 3.6 x 10
crack had nearly penetrated through the thickness of tne specimen and at least
one other deep crack was present. Figure 3.14 shows a magnified view of the
crack. Note, also, the presence of a fine network of parallel cracks in the
oxidized surface of the specimen which are perpendicular to the larger cracks
in the apex region.

8The specimens irradiated to 5.9 x 10 rad were a dark brown in color and
had several cracks which had penetrated through about a half of the specimen
thickness. An important observation is that the deepest cracks in the
specimens irradiated at the two lower dose rates were nearly always located
away from the apex of the U-bend even though one might expect the highest
tensile stresses to be located at the apex. This will be discussed in detail
later. ,

10For the highest dose achieved (1.7 x 10 rad) the specimens were
embrittled and both fractured into pieces when they were gently squeezed to
check their elasticity. Prior to achieving the 1.7 x 1010 rad dose, the
samples had become black in color and gas generation in the form of small
bubbles at the surface of the plastic were noticed. (Figure 3.15). It was
found that once the specimens had achieved a 1010 rad dose they were no longer
sticky, indicating that a new stage of the gamma-induced degradation process
had been reached.

Table 3.3 summarizes observations made on the large prototype U-bend
specimens. In comparison, there was no obvious change in the appearance of
the unirradiated controls. However, it must be stated that close examination
of crack propagation rates was not carried out because of the scoping value of i
the tests.
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3.3 Crack Initiation and Growth in a Gamma Field (Small U-bend Specimens)
,

The success of the large prototype U-bend samples for characterizing
cracking in irradiated HDPE, prompted the fabrication of smaller specimens to
more quantitatively assess irradiation-induced crack propagation effects. As
mentioned in Section 2.2.1 batches of eight replicated U-bend specimens were
made using Type I, Type II, and Type III specifications. Table 3.4 shows the
test matrix for the small U-bend irradiation tests. Eight replicate specimens
were tested for each irradiation condition and for the unirradiated controls.
The irradiations were also carried out in air in the HIRDL facility at 10*C.
Control samples were maintained in a refrigerator at the same temperature.

Table 3.4 Test matrix for crack-propagation std19 on irradiated
Marlex CL-100 HDPE small U-bend specimens >

Outer Surface Condition of U-Bend

Gamma Dose Oxidized Surf. Oxidized Surf. Non-0xidized
Rate Present Removed Surf. Present

(rad /h) (Type I) (Type II) (Type III)

0 8(1) 8 8
1.4 x 103 8 8 8
8.4 x 103 8 8 8
4.4 x 105 8 8 8

(1) NJmber of specimens per batch.
- - . - - _ . . -

Figure 3.16 shows the physical arrangement of samples that were
irradiated in the program. The A, B, and C samples were irradiated at
successively higher dose rates. Each of these batches comprises Type I, Type
II, and Type III specimens designated as "a", "b", and "c", respectively. 1he
samples are attached to angled aluminum alloy bar used nuts and bolts. Figure
3.16 shows, again, the coloration imparted to HDPE during gamma irradiation.
Figure 3.17 is a magnified view of Type I (foreground) and Type III U-bend
specimens after an accumulated gamma dose of 6.0 x 107 rads (at h lose rate of j

1 8.4 x 103 rad /h. Note the deep cracks in the Type I specimens and the very 4

fine cracks in Type III specimens. The fine cracks are, of course, related to
! the fact that upon preparing the Type III U-bend specimens, no cracks were'

formed. Therefore, the cracks are relatively " young" compared to the cracks
in Type I samples. Cracks are also formed during the irradiation of Type II
specimens (Figure 3.18). They are also very fine and much less numerous than
those in Type III specimens. Note that the cracks in the Type II and III
specimens are never formed at the apex of the samples. They are present in
areas which would appear to be at a lower stress. This observation is in i

accord with the results for the Type I U-bend samples in which most of the |
very deep cracks which cause fracture were remote from the apex.
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Figures 3.19 through 3.30 show sketches of cracks in Type I U-bend
specimens prior to and after irradiation to two different dose levels. Data
for non-irradiated controls are also shown. Crack' distributions were counted
and are given in Tables 3.5 and 3.6 for. the two successive irradiations. For
the first irradiation cycle (Table 3.5) which lasted 350 days, all f rradiated
specimens showed a la rger increase in the numbers of cracks compared to
uairradiated specimens. No accelerated crack initiation rate was noted for-
the highest dose ' rate condition, even though embrittlement was a more serious
problem. This is an .important finding since the lower dose rates, which are
more typical of actual container irradiation conditions, are more prone to
cause failure by radiation-induced crack growth mechanisms. "This is concluded
on' the basis of the numbers of full-penetration, or close-to-full penetration,
cracks (see Table 3.5).

After the second irradiation cycle (Table 3.6) the largest numbers of new
cracks were found in unirradiated material. Usually, the irradiated samples
showed no new crack initiations. This may be a result of stress relaxation in
the irradiated U-bend samples caused by polymer chain scission mechanisms or
by the rapid growth of cracks to full-penetration size which would lead to a
major stress relaxation increment. From Table 3.6 there are 8 very large
cracks in the U-bend specimens irradiated at the two lower dose rates.
Possibly, the most highly irradiated specimens suffered the greatest amount of
radiation-induced stress relaxation and were, therefore, unable to cause very
fast crack growth. Chemical changes in the HDPE at high doses may be an
important factor, also.

3.4 Discussion of Crack Propagation in Statically-Stressed HDPE

The results for the chemical environment tests indicate that oxygen is
important in the initiation and growth of cracks in crosslinked HDPE under
static loads. Air is probably the most deleterious environment but low-oxygen
environments such as water are also capable of causing crack growth aided by
liquid wetting effects at the tips of cracks under tensile stresses. Large
amounts of oxygen in air do not greatly enhance the rate of cracking compared
to those for oxygen-contaminated systems such as the nitrogen and vacuum
environments used in this study. Faster cracking will undoubtedly occur if
liquids which can promote environmental stress-cracking are present. This
would be especially true if the HDPE was not molded and cured to produce
optimum properties (Phillips).

Gamma irradiation has been shown, above, to cause embrittlement of HDPE
and, under certain irradiation conditions, sharp " brittle" cracks are able to
cause fracture in U-bend samples. Many prior studies of thermopl astic
materials show that radiation-induced crosslinking sti ffens the material,
increases the molecular weight, and lowers the ductility. This mechanism is
probably responsible for the embrittlement observed in the current U-bend
tests, even through the Marlex CL-100 used in this study is already highly
crosslinked.

Another factor that could help a crack to grow quickly in irradiated
material is the occurrence of main-chain scission (Clough and Gillen, 1981;
Gillen and Clough,1981). During this process, polymer chains in the crack
tip region which are subjected to large tensile stresses as well as gamma
radiation, should experience a locally-enhanced rate of chain scission which
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would accelerate crack growth. Since the bulk of the HDPE is al ready
strengthened by cross 11nking, relaxation of stresses at the crack tips by
plastic deformation is reduced so that crack propagation is still able to take
place.

The ability of new cracks to be nucleated in non-irradiated specimens,
-

and their inhibition in irradiated specimens, needs to be discussed more
fully. Observations in this work show that the non-irradiated samples retain
much flexibility. If the nut and bolt are removed from a U-bend sample after'

many months, the ends of the specimen spring apart and then slowly creep away
from each other. This shows that large stresses are still present. They
are the likely reason for the initiation of the large numbers of new cracks in
the chemical environment tests described in Section 3.1, above. All of the
cracks are easily blunted by plastic flow and they are, consequently, unable
to propagate to failure unless an environmental stress cracking mechanism is
present. In this case, a crack remains sharp and is able to propagate easily
because of a large stress concentration factor.

For irradiated samples, however, chain scission in a statically-stressed
specimen will allow reorientation of chain segments to low energy (low stress)
configurations. Radiation-induced stress relaxation is, therefore, the
probable reason for the very small number of new cracks observed in irradiated
Type I specimens (see Table 3.6).

An important implication is that if early cracking can be avoided in a
HDPE waste container, so that irradiation-induced stress relaxation can take s

place, then brittle crack propagation may be greatly retarded, or possibly
|

prevented, even if the container becomes embrittled during its lifetime. The
' above data on crack initiation and propagation in Types I, II, and III U-bend

specimen suggests a practical way to extend container life. It centers on the
mechanical removal of the oxidized surface layer formed during container j

molding. If the oxidized material can be removed by manual or automatic I

abrasion techniques, then early crack initiation will be avoided and, quite
possible, stress relaxation due to gamma irradiation, or l ong-term
viscoelastic deformation, could prevent brittle fracture from occurring.

There exists another effect that may reduce the possibility of
radiation-induced brittle fracture of HDPE containers which are emplaced in a

burial environment. If limited oxygen is present during burial, then it is
expected that the embrittlement effects will be retarded (Section 3.1). Work
by Gillen and Clough (1981) has shown that, in the absence of oxygen, the
deleterious effects of chain scission are very greatly reduced since oxygen
atoms are unable to interact with free radicals generated by the radiation
field. Thus, scission processes are likely to self repair, reducing overall
degradation effects. Recent relevant work by Adams and Soo (1988) also
demonstrates that HDPE U-bend specimens gamma irradiated in the presence of,

organic ion-exchange resin beads display insignificant crack propagation.
Cracks formed during the bending of the specimens do not appear to grow in

8size despite dose levels in the 10 rad range. This is almost certainly
connected with stress relaxation and the depletion of oxygen by the resin bed
surrounding the HDpE samples. Chain scission effects are able to repair
themselves as broken chains recombine with other adjacent chain segments
instead of with available oxygen in the environment. Such an oxyg<m reaction

,
would effectively prevent recombination.

! 4

i
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At this time it is not known what. level of oxygen is needed . to cause- a
deleterious gamma irradiation effect. -It is . clear, however, that any
procedure to reduce oxygen to very low levels can only be beneficial in terms
of reducing degradation. " *

The effect of stress on crack propagation will .now be addressed.- From
the results given above on crack growth in irradiated Type I U-bends it was
shown that cracks which grew faster were seldomly located at the apex -of the
specimen, where one would normally expect the largest tensile stresses to
reside. In nearly all cases the full penetration cracks were in regions on
either side of the apex, as shown in Figures 3.17 and 3.18.

To understand this phenomenon more fully it will be necessary to estimate
the tensile stresses over the outer surface of the U-bend to ' see if a
correlation can be made between crack growth and stress. Complications o: cur,
however, since bending introduces cracks in Type I specimens which, in turn
cause a lowering of the stress. Nevertheless, consider the schematic of a - :
small U-bend rpecimen used in the irradiation work (See. Appendix). By
carefully tracing around a typical specimen it is possible. to estimate the
radii of curvature at the apex and at the " side" of a U-bend. From these -
values the total deformation at each location may be calculated. The strain
at the apex after bending the sample was found to be about 24.3 percent and at
the side of the U-bend about 9.1 percent. The value at the apex is, of
course, an overestimate for Type I specimens, since cracking occurs and there
is less stress and strain than would be calcul ated on the basis of a
non-cracked surface. On the other hand, the estimate of 24.3 percent
deformation is in good agreement with creep deformation work, described later,
which shows that cracks in the oxidized HDPE surface begins to appear after a
deformation of about 20 percent.

When the HDPE is bent to form a U-bend configuration, the stress-strain
response on the outer surface is similar to that which would be experienced
during a short term tensile test. Figure 3.31 is a schematic of a
stress-strain curvo for Marlex CL-100 HDPE (Soo, and others,1986). The yield
and break stresses (oy and ob) are typically 20 MPa (2900 psi) and 15 MPa
(2200 psi), respectively, and the elongation at yield and at break (cy and
cb) are typically 18 percent and 230 percent. This shows that at the apex
of a U-bend specimen, where the strain is about 24 percent, the material has
been strained beyond the yield point and that the associated stress level is
much lower than the yield stress. Cracks already present at the apex will
inevitably lower the stress even more.

At the side of the U-bend, where the calculated strain is about 9.1
percent, the associated stress level is also less than the yield stress.
Since there is no cracking in this region the stress level after bending
should be similar to that at the apex. If one now considers the regions
between the apex and the sides of the Type I U-bend then these would
correspond to a maximum-stress state close to the yield point. This should
then be the most favored site for crack initiation and growth in a gamma
irradiation field, which is in fact observed.
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.1
Type- II-. and . Type III specimens 'have a slightly modified behavior since

there is no- cracking. as the U-bends are made and the surface characteristics
are also .different from Type I samples. This will modify' the stress
distribution around the U-bend surface and cracking will~ occur in a different
location. From Figures 2.17 and 3.18 it is apparent that the maximum stress
region for Type II.and Type III specimens is on the sides of the U-bends where
the cracks are found to nucleate.

-i
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4. UNIAXIAL CREEP IN CHEMICAL ENVIRONMENTS

Creep tests were carried out at 20 C (68 F) using a simple constant load
sy: tem. Strains were measured continuously using LVDTs (linearly variable
di'ferential transducers). Rates of creep, ductility-at-failure, and weight
ircrease in the specimens caused by the absorption of the test liquids during
c eep were all measured. Usually, the HDPE specimens were in the as-received
< ondition with one surface in the oxidized state. Tests were carried out in
the environments specified in Table 2.2.

An additional series of tests was also conducted on specimens which had
the oxidized surface removed by emory paper prior to testing. This would
allow a quantitative evaluation to be made of the effects of the thin,
less-ductile, oxidized material. The various test series are described
b el ow. All test data are given in Tables 4.1 and 4.2. Some data on the "old"
batch of HDPE are included for comparison purposes.

4.1 Uniaxial Creep of As-Received HDPE in Chemical Environments

4.1.1 Stress-rupture and Euctility Results

Figures 4.1 and 4.2 show stress-rupture and ductility results for the
newer batch of HDPE. All of the data plotted are for material in the
as-received condition with the oxidized surface intact.

Air and water appear to give similar creep properties. For scintillation
fluid, turbine oil, and Igepal, however, there is a significant loss in
rupture strength, especially in the low and intermediate stress ranges (Figure
4.1). As the stress level is increased, the curves tend to converge, as
expected, since the time to failure becomes primarily stress dependent. This
is because failure occurs so quickly that time-dependent environmental effects
do not have time to become important. Note, also, in Figure 4.1, that there
appear to be stresses bel ow which creep-type failure is unlikely. The
" threshold" stress for oil and Igepal is about 8.27 MPa (1200 psi) and for

l scintillation fluid it is about 6.89 MPa (1000 psi). One might suppose that
if the stress levels in a waste container, are kept significantly below 6.89
MPa then HDPE should be immune to a creep-type failure mode.

The ductility of HDPE at high stresses is about 60 percent for all test
environments (Figure 4.2). This, again, is a result of failure being
controlled by the stress rather than the environment. At lower stress levels,

in the range 8 to 13 MPa (1150 to 1900 psi), the ductilities for air, water,
oil and Igepal are again quite similar. As the stress level decreases, the
ductility is significantly reduced. Extrapolation of the curves to stresses
of approximately 7 MPa (1015 psi) indicates that a brittle type of failure is
likely. The failure time at such low stresses would, of course, be very
large, based on the data in Figure 4.1.

Scintillation fluid causes very different behavior compared to the other
environments. The results show that failure at low stress levels will not be
brittle. In fact, ductilities at 7 MPa (1015 psi) are approximately 100
percent. Observations on deforming samples showed that the oxidized surface

51
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Table 4.1 Creep test data for Martex CL-100 HDPE tested in air and deionized
water at room temperature.

1Test Specimen Test : Stress Failure Elong. at fNumber Condition. Environment (MPa) (psi) Time (h) Break (%) 1

381 As rec. Air 13.79 2000 4.0 56.0382 As rec. Air 13.79 2000 . 0.98 56.6
367 As rec. Air 13.10 1900 6. 8 -56.8369 As rec. Air. 13.10' 1900 5. 8 46.6374 As rec. Air 12.76 1850 5.4 '46.2365- As rec. Air 12.41 1800 41.0 74. 6359 As rec. Air 12.41 1800 11.3 50.0366 As rec. Air 12.10 '1750- 52.5' 76.0
358 As rec. Air 11.72 1700 80.3 79.6
362 As rec. Air 11.65 1690 28.5 56.0
361 .As rec. Air 11.03 1600 457 79.7360 As rec. Air 10.86 1575 212 85.4
350(a) As rec. Air 10.62 1540 166 72.9
350(b) As rec. Air -10.62 1540 502 55.0300 As rec. Air 10.34 1500 662 61.6315 As rec. Air 10.34 1500 761 58.2363 As rec. Air ' 10.17 1475 4023 60.4357 As rec. Air 10.00 1450 3821 55.1380 As rec. Air 10.00 1450 2455 66.8
377 As rec. Air 9.83 1425 5173 53.5 4316 As rec. Air 9.65 1400 5378 36.6 '

364 As rec. Air 9.31 1350 1819 71.9
391 As rec. Air 9.13 1325 2510 38.9355 As rec. Air 8.96 1300 3100 37.0 |390 As rec. Air 8.96 1300 2808 33.7 |398 As rec. Air 8.62 1250 6096- 13.1 ;321 As rec. Air 8.27 1200 7740 16.2388 As rec. Air 7.93 1150 >9360 >15.0409 As rec. Air 7.58 1100 >2040 >6.0322 As rec. Air 7.24 1050 >17500 >8.3408 As rec. Air 4.14 600 >1425 >2.3

387 (1) Air 13.79 2000 >5092 - >673385 I? Air 12.41 1800 >5257 >598338 I? Air 11.03 -1600 2319 585323 1) Air 10.34 1500 7704 248.9320 1J Air & 2) 1200 >17520 >31.0

337 As rec. DlW 11.03 1600 112 58.6347 As rec. DlW 10.69 1550 57 54.6
301 As rec. DIW 10.34 1500 2027 95.5302 As rec. DIW 9.65 1400 5854 54.5
334 As rec. DlW 8.27 1200 >14400 >21.0

339 DIW 11.03- 1600 200 221.6
327 DIW 10.34 1500 452 85.2
326 !) O!W 8.27 1200 >17520 >37.0

306 (2) DlW 10.34 1500 1154 57.5
310 (2) D!W 9.65 1400 6264 53.5

-

NOTES:
1. 10 mils removed from oxidized surface of specimen.'
2. 10 mils removed from non. oxidized surface of specimen.

l
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Table 4.2 Creep test, data for Nrles CL-100 HDPE tested in various environments
at room temp rature.

Test Specimen Test Stress Failure Elong. at tietght Chan9e

Number Condition Environment (MPa) (psi) Time (h) Break (1) (%pertestday)

370 As rec. 011 11.03 1600- 45.9 92.1 ' O.19*

305 As rec. 011 10.34 - 1500 128 60.3 0.06

345 As rec. Oil 8.% 1300 102 43.4 0.02

348 As rec. 011 8.% 1300 168 51.1 0.04

352 As rec. Oil 8.62 '1250 198 54.5 0.01

325 As rec. Oil 8.27 1200 1502 36.3 -

3% As rec. LSF 12.41 1800 7.9 85.0 0.72

379 As rec. LSF 11.72 1700 9. 6 94.8 -

378 As rec. LSF 11.38 1650 10.5 49.3 1.47

395 As rec. LSF 11.03 1600 33.1 89.9 0.34

308 As rec. LSF 10.34 1500 14 83.5 0.25

309 As rec. LSF 9.65 1400 35 98.0 0.15-

341 As rec. LSF 8.27 1200 50 98.5 1.40

333 As rec. LSF 7.24 1050 340 95.8 0.02

383 As rec. LSF 6.89 1000 1602 111.4 -

394 As rec. LSF 6.72 975 >7340 >39.0 -

407 (1? LSF 10.34 1500 30.3 366.0 -

330 Lil LSF 9.65 1400 29 76.0 -

332 (1j LSF 8.27 1200 85 216.0 -

LSF 7.93 1150 >7020 >77.0 -

((1)1
397

1 LSF 7.24 1050 >15840 >62.0 -

331

313 (2) LSF 10.34 1500 12 55.0 0.28

311 (2) LSF 9.65 1400 31 77.0 0.21

42 Old HDPE LSF 10.34 1500 12 86.1 -

55 Old HOPE LSF 9.65 1400 35 37.8 -

62 Old HDPE LSF 8.27 1200 280 100.7 -

392 As rec. Igepal 12.41 1800 3.1 52.3 0.27

393 As rec. Igepal 11.72 1700 17.7 51.8 0.23

401 As rec. Igepal 11.72 1700 20.7 49.1 -

371 As rec. Igepal 11.03 1600 45.6 54.7 0.13

303 As rec. Igepal 10.34 1500 65 49.1 0.06

304 As rec. Igepal 9.65 1400 106 54.8 0.03

346 As rec. Igepal 8.96 1300 128 47.3 0.02 ,

'

324 As rec. Igepal 8.27 1200 1194 22.0 -

389 As rec. Igepal 8.10 1175 >8731 >10.9 -

402 (1D Igepal 11.73 1700 438 89.5 -

340 (1? Igepal 10.34 1500 312 97.3 0.04

329 (1? Igepal 9.65 1400 476 59.4 -

328 (1) Igepal 9.29 1350 12778 31.2 -

314 (2) Igepal 10.34 1500 56 71.4 0.09

312 (2) Igepal 9.65 1400 130 50.4 0.03

106 Old HDPE Igepal 12.41 1800 8 14.8 -

105 Old HOPE 19epal 12.41 1800 9 69.2 -

107 Old HDPE Igepal 11.72 1700 50 87.4 -

108 Old HDPE Igepal 11.72 1700 47 54.6 -

72 Old HOPE Igepal 10.34 1500 216- 68.7 -

113 Old HDPE Igepal 10.34 1500 366 62.2 -

114 Old HDPE Igepal 10.34 1500 372 79.2 -

34 Old HOPE Igepal 10.34 1500 95 115.3 -

Notes:
1. 10 mils removed from oxidized surface of specimen.
2. 10 mils removed from non. oxidized surf ace of spectnen.
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layers e the specimens crack after about -20' percent elongation.- Thereafter,
much reformation . concentrates in -the cracked areas with final failure
occurring in one of these locations.- Scintillation fluid, . which typically
contains xylene and toluene, probably affects deformation by absorption and/or ]dissolution effects. It is speculated ' that during long-term creep the j
scintillation fluid interacts with the oxidized surface layer making it less
prone to cracking. Al so, small cracks that are nucleated' may be - blunted by -
dissolution 'of material at the crack tip making crack i propagation more
difficult. In this way . localized deformation in cracked regions- is. less
likely, and large scale uniform deformation in the gagelength occurs giving j
rise to enhanced elongations. This' occurs despite the fact that' scintillation- d

fluid gives the fastest failure time for any given stress level (Figure 4.1).

The effect of liquid environments on creep is probably connected with
liquid absorption into the HDPE during testing. Table 4.2 gives data on the
amounts of liquid absorbed based on weight increase measurements. They are j
semi-quantitive, however, since the ends of the test . specimens were enclosed
within grips and not in free contact with the test liquid. Also, samples with
extensive creep had a larger surface area . for liquid penetration. -Despite
these inconsistencies there is clearly faster penetration of scintillation
fluid into the HDPE compared to the other liquids. Oil and Igepal have {

,

similar measureable rates of absorption but little change in weight was noted 1
for test specimens immersed in water. At this time the mechanisms by which
creep failure is affected by liquid absorption is speculative.

4.1.2 Creep Curve Results 1

Figure 4.3 shows a family of creep curves for the older batch of HDPE. i

The data shown are for the first 190 h of testing in order to illustrate the
effect of stress on early creep. There is an initial fast creep rate (Stage
I) followed by a linear creep regime (Stage II)'. For the higher stress
levels, Stage II is very short. After Stage II creep. necking" of the sample
starts and failure becomes imminent. The creep rate shows an increase in this
period (Stage III).

Figures 4.4 through 4.7 compare the creep curves for the various test
environments at four different stress levels. As would be expected from the
stress-rupture results in Figure 4.1 air gives by far the slowest rate of
creep. Environmental effects are accentuated at low stresses since early
failure does not occur. As the stress level is increased there is a
noticeable trend for the four creep curves to converge, showing that defor-
mation and failure are increasingly more stress dependent. Oil and Igepal
have very similar effects 'on the creep of HDPE.

| 4.1.3 Fracture Characteristics
|

The relationships between applied stress and ductility, shown in Figure
4.2, may be examined in terms of fracture behavior. For samples which can be

; readily examined during test, such as those exposed to air, it was found that'
, fine cracks in the oxidized surface formed after about 20 percent. elongation.i

Figure 4.8 shows two such brittle cracks formed in HDPE tested in simulated
Barnwell, South Carolina, groundwater (Soo, and others, 1986). They formed at
the edge of the specimen and grow across the width of the gagelength as defor-
mation proceeds.
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Another example of brittle cracks is shown in Figure 4.9 from a test in
Igepal. At the right of the figure it may be seen that one crack has
propagated to failure leaving at the fracture surface a curly tail of material
which suffered severe deformation prior to separation.

Figure 4.10 shows a family of HDPE specimens which were tested in air to
failure. The sample tested at the lowest stress (8.96 MPa, 1300 psi) has
relatively flat fracture surface normal to the stress direction. This shows
that a crack propagates through the specimen with only a small amount of
plastic deformation associated with it. At the higher stress levels the crack
which initially begins to grow in the oxidized surface soon becomes blunted by
plastic deformation and a thin " neck" of material forms in the area.
Eventually, ductile fracture occurs and each half of the failed specimen
displays a small tail in the fracture zone.,

\
The fracture characteristics for the water environment (Figure 4.11) show'

some subtle differences compared to those for air. At 9.65 MPa (1400 psi) the
fracture appears to be more brittle than that for any of specimens failed in
air. Al so , at 11.03 MPa (1600 psi) a comparison of air and water-tested
specimens again shows a distinctive difference. The sample fractured in water
shows an essential " clean" fracture with little tailing. On the other hand,
the air tested sample (Figure 4.10) shows a large amount of tailing. Water,
therefore, encourages crack propagation, leading to a more-brittle type of
fracture morphology.

Igepal and oil cause similar fracture behavior (Figures 4.12 and 4.13).
| In nearly all tests, regardless of the stress level, a clean fracture is

observed with little tailing. The two environments, especially Igepal, are
more conducive to crack propagation compared to air. Since Igepal is an
environmental stress cracking agent, specified in standard ASTM tests (ASTM,
1980a,1980b), this particular failure mechanism is likely to be the cause of
the fast crack growth process observed here.

Finally, for scintillation fluid, the fracture appears to be more stress
dependent than for the other liquids. At the two lowest stress levels (Figure
4.14) there is not much plastic deformation associated with the fracture
zone. At the intermediate stress (10.34 MPa, 1500 psi) and the highest stress
level (12.41 MPa,1800 psi), however, there is considerable necking in the
failure region. In some respects the fracture morphology is similar to that
observed for air (compare Figures 4.10 and 4.14).

Figures 4.15 and 4.16 directly compare the fracture morphologies of
samples tested in the various environments at specific stress levels. At 8. 27
MPa (1200 psi) the stress level is too low to cause extensive plastic
deformation and cracks which are formed in the oxidized layer remain sharp.
They grow without excessive associated plasticity and " brittle" type fracture
morphologies are produced. At 10.34 MPa (1500 psi) failure times are shorter
than those for 8.27 MPa so that environmental effects are not able to exert as
great an infl uence. Environmental stress cracking still is important for
Igepal and turbine oil as demonstrated by the flat fracture surface but for
air, water, and scintillation fluid there is a retardation of the crack
propagation rate which allows significant necking and deformation in the
fracture zone.

62

- _ _ _ _ _ _ - - .



i

i

- ,[ .'

g-- . \g . e..'(~ " r* w
.

- t

'' ' ' ~ - 'n
. jg, 3,& ' ;.

-

p A,n.u w y ..&, , ,

,
,

1, 5
.

.

*^ -
s.

.

_

'. #
- . = - s

| '} - . . ' _

yf R
.

, ~**
.

s

h * . ' j ' ,'$$.. W |~ Yt
,,e n, w

,
.

y .s - '

; ./ , y," ,. . , - . a. ,~ ,-

[ . , '..I -2c . , ,% n- n. ,

, 5 , < ' vy - - .
..;

Figure 4.8 Brittle cracks on the edges of the oxidized surface
of Marlex CL-100 HDPE creep tested in simulated
Barnwell groundwater at 10.34 MPa. The stressing
direction is from top to bottom. Magnification 50 X.
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Figure 4.10 Fracture characteristics of Marlex CL-100 HDPE in air.
Applied stresses from left to right were 8.96, 10.34,
11.03, 11.72, and 13.10 MPa. Magnification 0.72 X.
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Figure 4.11 Fracture characteristics of Marlex CL-100 HDPE in

deionized water. Applied stresses from left to right
were 9.65, 10.34, and 11.03 MPa. Magnification 0.72 X.
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Figure 4.13 Fracture characteristics of Marlex CL-100 HDPE in turbine
oil. Applied stresses from left to right were 8.27, 8.62,
8.96, 10.34, and 11.03 MPa. Magnification 0.72 X.
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Figure 4.15 Fracture characteristics of Marlex CL-100 HDPE tested in

various environments at 8.27 MPa (1200 psi). Environments
from left to right were turbine oil, scintillation fluid,
Igepal C0-630, and air. Magnification 0.72 X.
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Figure 4.16 Fracture characteristics of Marlex CL-100 HDPE tested in

various environments at 10.34 MPa (1500 psi). Environments
from left to right were turbine oil Igepal C0-630, air,
scintillation fluid, and deionized water. Magnification 0.72 X.
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Tables 4.3 through 4.6 schematically summarize the surface cracking and
fracture morphologies for the various environments.

4.2 Uniaxial Creep of Non-Oxidized HDPE in Chemical Environments
|

In Section 4.1 it was shown that the effect of the oxidized surface in
promoting early cracking was central to the deformation and failure of HDPE.
Work in an earlier BNL program, and el sewhere, supports this conclusion
(Terselius, 1982; Soo, 1986). To accurately quantify the effects of the
oxidized layer, several series of creep tests were initiated on HDPE specimens
from which the oxidized layers were removed by abrasion prior to testing.

4.2.1 Creep in Air

Figures 4.17 through 4.19 compare in-air data for as-received and
non-oxidized specimens tested at various stress levels.

At the lowest stress levels, 7.24 to 9.65 MPa (1050 to 1400 psi), creep j
is initially rapid (Stage I) but eventually slows until a linear rate of '

deformation is established (Stage II). This is true for as-received material
as well as for non-oxidized specimens (Figure 4.17). Although comparisons
between the two types of specimens can only be made for the 8.27 MPa (1200
psi) stress level, the creep rates are essentially identical enept that the
as-received material failed first after 7740 hours. The non-oxidized specimen
did not fail. The creep curves in Figure 4.17 also show that just prior to
failure, as-received specimens show an acceleration in the creep rate (Stage
III) which is associated with " necking" and imminent failure.

:

At stresses of 10.34 MPa (1500 psi), and higher, major differences in |

behavior become evident between as-received and non-oxidized HDPE. From |Figures 4.18 and 4.19 it may be seen that the initial creep rates for non- j
oxidized HDPE are usually larger than those for as-received material at any !given stress. The dif ference becomes larger as the applied stress is
increased. Stage 11 creep for non-oxidized specimens tends to be shorter and
a very large increase in creep rate (Stage III) occt.rs. Observation of
non-oxidized specimens during testing showed that this large Stage III strain
increment did, indeed, involve local necking in the gagelength but it did not ;

lead to fast failure, as is the case for as-received material, but to a
remarkable extension of the necked region as it propagated throughout the
gagelength. As soon as this was completed, the rate of creep again decreased
giving rise to a long " Stage IV" which is not found in as-received HDPE. The
important points to note are that, at very high tensile stresses, non-oxidized ;
material will creep faster than as-received HDPE but it will have far superior ;
ductility and rupture life. At stresses of about 8.27 MPa (1200 psi), and |
probably lower, the creep rates for the two materials are likely to be very '

similar during Stage I and Stage II creep because of limited cracking in
as-received HDPE at low strains. However, after very extended creep, when

!cracking starts to become important, non-oxidized material should give greatly {improved creep performance.
j

Rupture time data from the in-air tests are given in Figure 4.20. Only
two of the five non-oxidized specimens failed. It is very clear from the
data, however, that removal of the oxidized surface from HDPE leads to an
enormous increase in failure time, compared to that for as-received material.
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4.2.2 Creep in Deionized Water

For deionized water the creep data are more limited than for air and the
benefits of removing oxidized material from HDPE are not as clearcut. For ;;example, at the highest creep stress used,11.03 MPa (1600 psi), the rate of
creep is larger for the non-oxidized material as shown in Figure 4.21 and the |creep failure time is superior to that for as-received HDPE. At 10.34 MPa ,

(1500 psi), however, the failure time for non-oxidized material is shorter
(Figure 4.22). At 8.27 MPa (1200 psi) a non-oxidized specimen appears to
display all four stages of creep (I through IV) but since the overall
accumulated strain is only 35%, it- is obvious that creep is still in the Stage
II regime. Failure times for as-received and non-oxi6ized samples, based on
the limited data in Figure 4.23, appear to be similar for a given stress. One j

'clear advantage of removing the oxidized layer, however, is the larger
ductility which arises because of the more uniform deformation in the
gagelength.

4.2.3 Creep in Igepal C0-630

Creep curves for tests in Igepal are given in Figures 4.24 and 4.25. In
Figure 4.24 some data are shown for HDPE specimens from which 0.25 mm (0.010")
of material was removed from the non-oxidized surface. This was done to check
if oxidation was indee? the main surface effect rather than some other |
unidentified mechanism. The agreement between the creep curves for these and !

las-received samples at stresses of 9.65 and 10.34 MPa (1400 and 1500 psi) is
quite good.

Removal of the oxidized layer from the samples causes a major improvement
in creep behavior. Time-to-failure and ductility are greatly enhanced. The
creep rate for the non-oxidized specimens is increased only at the 10.34 MPa
(1500 psi) stress level compared to as-received material. The time-to-failure
data are compared most clearly in Figure 4.26. Removal of the oxidized layer
may increase the rupture time by up to about an order of magnitude, and the
" threshold stress" below which failure becomes unlikely (horizontal portions
of curves) is increased by about 1 MPa (150 psi).

4.2.4 Creep in Scintillation Fluid

in the case of scintillation fluid, removal of the oxidized layer does
not greatly alter the early creep rate compared to oxidized HDPE. However,
time-to-failure and ductility are usually increased for non-oxidized material
(Figures 4.27, 4.28 and 4.29).

,
. Table 4.7 briefly summarizes the effects which removal of the oxidized

layer has on the early creep rate, time-to-failure, and elongation-at-failure
for HDPE. There seems to be a clear advantage in removing the oxidized layer
after container molding or, perhaps, to stop it from forming by molding in an
inert environment, if possible.

.
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. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table 4.7 Changes in the creep behavior of Marlex CL-100 HDPE caused by
removal of oxidized surface material

___

Envir. St ress Early Creep Rate Time to Failure Ductility

Ai r 13.79 Same Increase Increase
12.41 Increase Increase Increase
11.03 Increase Increase Increase
10.34 Increase Increase Increase
8.27 Same Increase Increase

DIW 11.03 Increase Increase Increase
g 10.34 Increase Decrease Same

8.27 Increase (1) (1)

Igepal 11.72 Same Increase Increase
10.34 Increase Increase Increase
9.65 Same Increase Same

LSF 10.34 Same Increase Increase'

8.27 Same Increase Increase.

7.24 Same Increase Same
__

Note:

(1) Not known; specimen did not fail.

,

<
.

87
'

.



i 4

4.3 Discussion of Creep in Chemical Environments
|

From the data described in Sections 4.1 and 4.2 the effects of stress,
test environment and surface oxidation have been generally quantified and a
basic understanding of the underlying creep process has been obtained from
this study. In particular, the role of the surface oxidized layer in causing
early cracking and localized deformation, necking and failure in crosslinked
HDPE is clear. Removal of the layer often results in faster creep rates but
it usually leads to higher ductility and longer failure times for a given '

stress level. Close examination of the creep curves for as-received and
non-oxidized HDPE shows that the differences usually appear after about 20
percent elongation. This is almost certainly associated with the first
appearance of cracks in the oxidized layer. Until the cracks are nucleated,

.

deformation in both types of specimen occurs uniformly . throughout the
gagelength in a similar fashion. When cracks appear then localized ~
deformation occurs in the cracked regions because of stress concentration

i

effects. This will lead to several types of failure in as-received HDPE
depending on the environment:

a) " Environmental stress-cracking" in which the cracks grow
quickly in a " brittle" manner causinu early failure.
Igepal and turbine oil cause such failure over a range of
low stresses.

b) " Ductile failure" which is common for environments such as
air, water, turbine oil and Igepal at intermediate and high ]
stresses.

c) "Su perpl a stic fa il ure" in which the cracks formed in the
oxidized layer become blunted by easy plastic deformation
so that they grow very slowly, if at all. Deformation then j
occurs more evenly throughout the gagelength giving higher !

ductility and failure times compared to those for stress-
;

cracking conditions. Such failure is promoted by high '

stress level s and, more importantly, by the removal of
oxidized surface material.

d) " Low stress creep embrittl ement" which occurs when the
stress level is too low to give large scale plasticity.
Failure, if it occurs, takes a long time and results from

,

" brittle" crack growth.

Removal of the oxidized layer often accelerates the rate of creep during
early deformation, compared to as-received material (Table 4.7).
Scintillation fluid, however, is the environment which is the exception and no
change in the early creep rate is observed. A possible explanation for the
enhanced creep rate in non-oxidized HDPE is that the more brittle oxidized
surface material is also stronger than the bulk HDPE. Therefore, removal of
the oxidized layer, and its associated strengthening effect, would allow the
specimen to creep faster compared to as-received material.

88
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5. IRRADIATION - CREEP IN AIR

It is gener, ally recognized that prior gamma irradiation of unstressed
HDPE, and many other plastics, leads to an increase in strength and decreases
in elongation-at-yield and elongation-at-break (Dougherty, and . others, -1984;
Clough, and others, 1984; Soo, and others, 1986; Philips Chem. Co., 1975;
Schoenbacher,1985). Such effects, however, became noticeable only after some-
critical dose. The results are usually attributable to radiation-induced
crosslinking of polymer chains, which eventually causes embrittlement.

!
5.1 Irradiation-Creep Results

Some very interesting effects. on creep are found, however, if gamma
irradiation is carried out during creep rather than before creep. A previous
BNL study by Dougherty, and others, (1984) .showed that Marlex CL-100 displays ,

an increase in creep rate during in-test irradiation. They found that the' !

effect is significant at high stress levels and becomes less important at
lower stresses. On the other hand, other BNL work on the same batch of Marlex
CL-100 shows contrary behavior and the rate of creep was found to be greatly
reduced by in-test irradiation compared to unirradiated HDPE tested at the
same stress (Soo, and others, 1986). Careful examination of the data .from the
two BNL studies reveals internally-consistent behavior (Soo, and others,
1986).

Some support for the irradiation-inducc3 acceleration of creep may be
found in the literature. For example, Bell, and .others, -(1967) electron-
irradiated three glassy polymers (88 percent polyvinyl chloride /12 percent

'

polyvinyl-acetate; polymethylmethacrylate ; and polystyrene) and found signi- ;

ficant increases in the creep rate when the electron current was applied. j
They postulated that gas formation within these materials is responsible for

| the effect. However, no other irradiation-creep data appear to be available '

! for huPE under conditions similar to those used in the two BNL. studies.
. ;

I In order to rationalize the apparently conflicting effect of in-test'
! irradiation in the two BNL studies it is necessary to first specify any

differences in test conditions. The only significant -differences lie in the_ ;
applied creep stresses and the gamma dose rates. These are summarized in !
Table 5.1. Dougherty, and others, discovered an irradiation effect at higher. 1
stresses and lower dose rates compared to tests in the study by Soo, .and
others. Thus, no definitive comparison can be made between the two studies.

To check under what conditions in-test irradiation can accelerate or
retard creep a new set of irradiation-creep experiments was initiated. Stress
levels and gamma dose rates were selected so that those for the two earlier j
studies were encompassed within the new test conditions. Table 5.2 gives the 4

test matrix used. The HDPE samples were stamped from the "old" - batch of
material since this was used in the two earlier studies. In addition, most of i
the unirradiated control tests were already completed so that only a few-
additional spot check tests were needed.

Table 5.3 shows all irradiation-creep data attained in this effort. Many
tests were not completed because of program termination and unanticipated long I
failure times. However, they still provide invaluable results because
irradiation and stress effects were observed early in the creep , tests.
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Table 5.1 Comparison of test conditions during irradiation-creep
of Marlex CL-100

Dose Rate Stress Effect of In-Test
Study (Rad /h) (MPa) Irradiation

=_ -. =

Dougherty et al. 5 x 103 12.41 Irradiation greatly

(1984) (Co-60) (1800 psi) increases creep rate

Dougherty et al. 5 x 103 11.07 Irradiation slightly

(Co-60) (1600 psi) increases creep rate

' Soo et al. 3 x 104 10.34 Irradiation greatly

(1986) (Cs-137) (1500 psi) decreases creep rate

______

_

Table 5.2 Irradiation-creep test matrix for HDPE

_ _ _ _ ___-
i

St ress
- . _ - Gamma

Test Dose Rate H
Environment (MPa) (psi) (rad /h)

Ai r 12.58 1825 0
Ai r 12.58 1825 5 x 103
Ai r 12.58 1825 2 x 104

Ai r 11.72 1700 0
Ai r 11,72 1700 5 x 103
Ai r 11.72 1700 2 x 104

Ai r 11.07 1600 0
Air 11.07 1600 5 x 103

^

Ai r 11.07 1600 2 x 104 |
1

Ai r 10.34 1500 0
Ai r 10.34 1500 5 x 103
Ai r 10.34 1500 2 x 104

90 I
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Table 5.3 Irradiation-creep data for Marlex CL-100 HDPE

Material Temp. Dose Stress failure Elong.
Test Cond. (*C) Rate (rad /h) (psi) (MPa) Time (h) (%)

405 As rec. 20 5 x 108 1825 12.58 27.5 206.1

403' As rec. 20 5 x 10s 1700 11.72 209.7 326.2

406 As rec. 23 5 x 108 1600 11.03 1198 80.7

404 As rec. 20 5 x 108 1500 10.34 1783 51.4

| 417 As rec. 20 2 x 10" 1825 12.58 50.4 140.6

418 As rec. 20 2 x 104 1700 11.72 >337 >73.5

416 As rec. 20 2 x 10" 1600 11.03 >811 >33.0

415 As rac. 20 2 x 104 1500 10.34 >210 >15.3

414 As rec. 26 2 x 10" 1825 12.58 6.6 195.0

413 As rec. 26 2 x 104 1700 11.72 >501 >567

384 As rec. 20 0 2000 13.79 1.8 67.6

368 As rec. 20 0 1900 13.10 5.3 46.6

375 As rec. 20 0 1850 12.76 18.6 (1)

351 As rec. 20 0 1825 12.58 5.8 82

344 As rec. 20 0 1700 11.72 47 113.6
*

343 As rec. 20 0 1600 11.03 127 92.0

342 As rec. 20 0 1500 10.34 2544 96.3

317 As rec. 20 0 1500 10.34 7514 93.4

318 As rec. 20 0 1400 9.65 >18100 >4 3. 3 - !
|

386 As rec. 20 0 1200 8.27 >8300 >7.5 i

Note:

(1) LVOT failure; elongation not known.

I

k
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Note that two tests were run at 26'C since they were run in mid summer and the
temperature-control system in the laboratory was temporarily not operating.

The stress-rupture data in Figure 5.1 show .that in-test irradiation
normally increases the failure time compared to non-irradiated control s.
However, the single test carried out at 10.34 MPa (1500 psi) seems to indicate
that at this stress, and lower, irradiation reduces the failure time. This

-

3conclusion is based mainly on the tests conducted at the 5 x 10 rad /h dose
rate, since most of the tests at 2 x 10" rad had to be. terminated prior to
failure. Nevertheless, the "early" failure at low stresses under irradiation
conditions is consistent with the previously-described crack-propagation
phenomena observed in U-bend specimens ' exposed to radiation (Section- 3.3).
Such U-bend tests are similar to those for low-stress irradiation-creep.

Examination of the creep curves in Figures 5.2 through 5.5 shows a strong
irradiation strengthening effect. Irradiation reduces the creep rate, with
the degree of reduction increasing with increasing dose rate. For the 10.34
and 11.03 MPa (1500 and 1600 psi) tests the shapes of the creep curves are
classical with the normal Stage I, II and III regimes. At the higher stress

,

3levels, however (Figures 5.4 and 5.5) irradiation at the 5 x 10 rad /h ratei

leads to a very prominant Stage III and high elongation. Towards the end of-
Stage III the creep rate decreases and deformation enters a Stage IV period.
Comparison of the irradiation-creep curves with those for unirradiated,-
unoxidized HDPE (Figures 4.19 and 4.20) show close similarities. The main
difference lies in the shorter Stage IV for the irradiated _ specimens.

The long Stage III in both series of tests is associated with rapid
extension of necked region throughout most of the gagelength. Once this is
achieved the rate of deformation slows and Stage IV begins. For the
irradiated HDPE, embrittlement occurs resulting in a very short Stage IV
compared to non-oxidized, unirradiated material.

Only the 10.34 MPa (1500 psi) specimen showed normal cracking during
irradiation creep. At this low stress level, cracks which are nucleated
remain sharp and are able to grow in a brittle manner. At higher stresses the
cracks become blunted by plastic deformation and do not grow. Therefore, more i

even deformation occurs in the specimen giving rise to high elongation.

For the 2 x 104 rad /h irradiation-creep tests, only the highest-stress ''

specimen failed. A long, necked region was present which was similar to, but
shorter than, that for the specimens tested at the lower dose rate.

In general, gamma irradiation during the creep of Marlex CL-100 HDPE is
beneficial. It decreases the creep rate, enhances the ductility, and
lengthens the time to failure.

5.2 Discussion of Irradiation-Creep Behavior

Ma rlex CL-100 is a crosslinked HDPE which has been shown here to be
strengthened by gamma irradiation during creep. Prior irradiation is also
known to strengthen its creep and tensile strengths (Soo, and others,- 1986).
Most types of polyethylene undergo crosslinking as a result of ionizing
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radiation (Schnabel, lib 1) and it is very probable that additional cross-
linking occurs in Marlex CL-100 irradiation-creep . civing rise to the slower
rate of creep because of the strengthening it causes.

It should be appreciated that the effects of gamma irradiation become
important very early during irradiation-creep. For example, at a stress of

12.58 MPa (1825 psi)" the greatly reduced creep rate caused by irradiation at85 x 10 and 2 x 10 rad /h is noticeable after about I h, or 'less (Figure 4

5.5). The accumulated doses would be 5 x 104 and 2 x 105 rad, respectively, !
which are quite low dose levels. Obviously, stress and irradiation together
provide a strong interactive effect.

One might have expected that main chain scission would beccme very important
in stressed and irradiated HDPE since both stress and radiation can cause
chains to rupture. Together they would be expected to cause an increased
scission rate. This would also be encouraged by the' presence of _ oxygen during
testing, since it is well known that scission rates in many polymers are
increased when oxygen interacts with broken chains, thereby - preventing their
recombination (King and others,1964; Sisman, and others,1963). However, the
strong reduction in the creep rate caused by irradiation' suggests that
although scission must be occuring, its effects are outweighed by the
crosslinking process, at least during stages I and II of creep.

~

The greatly enhanced rupture times and ductilities of'in-test irradiated
HDPE needs to be addressed since it has been shown previously that prior
irradiation causes a decrease in failure time and ductility upon subsequent
testing ( Sr.o , and others, 1986). Quite likely, the enhanced plasticity is
associated with chain scission which could become important in Stage III
creep. At this period of creep one might expect that the chain segments have
become more aligned along the tensile stress direction and scission rates
should increase. Scission in poly (vinyl chloride acetate) was shown to cause

i

a reduction in molecular weight, an increase in crystallinity, and a large '

increase in viscous flow (Sisman and others,1963). It is postulated that
this mechanism is al so responsible for the enhanced rupture times and
ductilities observed in the current Marlex CL-100 HDPE 1rradiation-creep
specimens. Work by Akay and Tincer (1981) and Seguchi and others (1982) is in
accord with the above specimens on the effects of gamma irradiation on the
creep of HDPE. Akay and Tincer showed that radiation induces crosslinking in
drawn HDPE during the early irradiation period and prevents microcracking.
Seguchi and others found that scission would be important at a later time and
cause degradation of the crosslinked structure.

Finally, with respect to the controversy regarding the acceleration in
creep during irradiation of highly stressed HDPE, observed by Dougherty and
others (1984), no confirmation could be made of this effect. Icreep tests conducted in the current work at a dose rate of 5 x 10pradiation-rad /h'and
stresses of 12.58 and 11.72 MPa (1825 and 1700 psi which are similar to
conditions used by Dougherty) show that irradiation initially retards creep
and causes a large increase in the creep rate only when failure begins to
commence in Stage III. High ductility is associated with the failure.

.
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At this time the early acceleration of creep observed by Doughery during
gamma irradiation is still in question.- Data. from the present effort
consistently shows that. creep enhancement only occurs after some lengthy
slower period of creen The reasons for the continued discrepancy between the
current irradiation-creep results and those of Dougherty and others remains
uncl ea r.
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6. TESTING PROTOCOL FOR HDPE

The useful lifetime for a HDPE waste container will normally depend on
many variables, including the level of stress, the irradiation dose rate, the
internal chemical and irradiation environment detennined by the waste composi-
tion, and the external environment determined by the burial conditions. These
conditions may change with time so the estimation of the failure time for a
container is extremely difficult.

,

e an approach to determining container performance re(dr'esd'velopTo
consideration of several factors, which include the following:

.

a) A specification of all possible material degradation modes which
could lead to eventual failure in the service environment. Lack
of identification of a failure or degradation mode will preclude
the development of a strategy to eliminate its occurence, or
reduce its impact, within the design lifetime.

b) performance of experiments to characterize the individual
failure modes under prototypic and accelerating conditions.
Accelerating conditions are useful in that they often allow a
degradation / failure mode to be observed and quantified within
practical testing periods. Through . a knowledge of = the lunda-
mental mechanism responsible it may be possible to fit the data
from accelerated tests to a theoretical expression which may
then be used to predict long-term performance under service
conditions. In the absence of a sound description of the
mechanism, an empirical expression could be used. This, also,
could be used to estimate failure times for prototypic environ-
ments despite the greater uncertainty in the prediction. |

|

An example of a useful empirical equation to predict lifetime
may be found in studies of carbon steel corrosion in soils

!

(Kempf, and others,1987). Using pitting corrosion data from i
Romanoff (1957) it was shown that the maximum pit depth could be
given by:

dm = 29 t 390

in which d is the depth in mils and t is the corrosion timem
in years. Such an expression will allow an estimation to be

1made of the maximum depth of attack so that the thickness of'the '

steel component being designed for in-soil service can- be sized
to avoid penetration during the design lifetime,

c) The use of experiments specified in (b), above, may identify
conditions for which a particular failure mode ceases to exist.
For exampl e, there are instances for which the stress on a
material becomes too low for stress-assisted cracking to occur.
With this in mind, stress-corrosion and fatigue are often
avoided by ensuring that the maximum service stress in the
component being designed is significantly lower than the
threshold stress required to cause failure. An important goal
in designing a HDPE waste container should, then, be the adjust-

.
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ment of the design paramenters' and en'vironmental ' conc itions
in such ways 'that the container becomes immune. to as many
potential failure modes as possible. The remaining failure
modes must then be addressed by obtaining data from accel-

,

erated tests,- as described above, or, if available, from
long-term prototypic in-service evaluations on the material

_~ of interest.
w

The work described below will address all of the three items.;. list'ed
above. Specifically, failure / degradation modes for HDPE - will' be identified
for conditions which may exist during the pre- and post disposal. periods.

| Testing protocols will be defined to supplement-those that currently exist -in
the literature. The test data that are obtainable from such tests will be
discussed with respect to their use in container design, and suggestions will
be made on ways to minimize, or eliminate, the occurrence of specific' failure
or degradation modes in HDPE.

6.1 Failure / Degradation Modes for HDPE
,

At the present time the following degradation / failure modes have been-
identified either from the literature or from research carried out in the
current program. ;

a) Environmental $ tress-Cracking
,

This involves the conjoint action 'of a tensile stress and a
susceptible environment. The environment may provide' a
chemical (corrosive) effect or it may simply involve a non-
reactive surface wetting phenomenon .which accelerates crack
propagation and failure (Shanahan; 1979, 1980). Igepal
C0-630, is an ASTM-specified liquid for evaluating the
susceptibility of HDPE to environmental stress-crack - (see
ASTM Standard D-2552). It is stated to be non-reactive and
probably it acts as a simple surface. wetting agent. On the
other hand, BNL creep tests in scintillation fluid - (see
Table 4.2) show that the spe:.imens have a relatively rapid
rate of absorption of this fluid during test, which could
indicate the presence of a chemical reaction with the
HDPE. Therefore, a distinction shoul d be made between

i
non-reactive and reactive environments in the evaluation of
environmental stress-cracking. Failure times as well as

|weight changes during test should be carried out to distin- '

guish between the varion environmental effects, i f- jpossible.

In the specific case of-scintillation fluid the results in
fable 4.6 show that failure occurs with relatively little
cracking. Significant plasticity is often associated with
failure. For such cases,. it may be appropriate to classify
failure as ductile failure rather than environmental
stress-cracking which, by - definition, is a cracking type-
mechanism.
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b) Ductile Failure
The usual type of ductile failure involves deformation at
relatively high stress levels, such as those encountered
during short-term tensile testir.g at a constant strain rate
(e.g., ASTM D-638, Test for Tensile Properties of Plastics)
or high stress creep behavior under a constant load (e.g. ,
ASTM D-2990, Tensile, Compressive, and Flexural Creep and
Creep-Rupture of Plastics). In many cases the HDPE test
material is prepared by the melting of polyethylene resin
which is molded or fabricated to a specific shape (sheet,
drum, pipe, etc. ). Normally, the fabrication proc.: <s is
carried out in air, and this results in the formation of an
oxidized surface layer which has inferior ductility

compared to underlying bulk material (Terselius,1982).

In BNL tests this surface-oxidized material cracks after
about 20 percent elongation, and subsequent deformation
tends to concentrate in the cracked areas, eventually
giving rise to failure in one of these regions. If the

| oxidized layer is mechanically removed prior to creep
testing then deformation occurs more uniformly throughout
the gagelength of the specimen and "superplastic" type
behavior often occurs.

c) Superplastic Failure

Superplastic failure is defined here as tensile failure
involving extremely large elongations at rupture, viz. >200
percent strain. Note that this is an arbitrary definition
and other workers may regard such high elongations as being
normal rather than superplastic. Nevertheless, the dis-
tinction between regular ductile failure described in (b)
needs to be made since there are mechanistic differences
in the two types of failure. From the results described in
earlier sections of this report, superplastic f ail ure

! occurs in HDPE from which the oxidized layer has been
removed and, also, in irradiation-creep specimens tested at
high stress levels,

d) Low-Stress Embrittlement

The data in Figure 4. 2 show ductilities at failure for
creep tests carried out in air, deionized water, Igepal
C0-630, turbine oil and scintillation fluid, as a function
of stress. For air, water, oil, and Igepal it is seen the
ductilities are tending to low values as the stress is
decreased below 8.27 MPa (1100 psi). Liquid scintillation
fluid does not show a drop in ductility in the low strbss
range. Cl early, at low stresses, embrittlement usually
occurs under creep conditions. Failure, based on work in
this program, is caused by the propagation of cracks which
are nucleated in the oxidized surface material. Since
deformation occurs most easily in these cracked region it
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1
1

results in failure at low ductility. Other work by Graube
(1976) on internally-pressurized HDPE pipes shows similar

;brittle failure at low pressures. Note that such failure 1in Igepal and turbine oil is often classified as environ-
;mental stress-cracking. Although these environments give '

creep ductilities that are similar to those for air and
water, the latter two environments have far greater times -

to failure. However, the distinction between environmental
stress-cracking and low-stress embrittlement is not very.
cl ea r.

e) Impact Embrittlement
]

.

1Low-ten'perature impact testing on a material measures the '

resistance to failure from a high velocity impact. Cali-
bested machines are used to measure the energy absorbed by |
a stationary sample as a heavy load falls under gravity to
impact and fracture it. This type of failure mode is not
likely to be of great importance with respect to container
service conditions unless, for example, a HDPE container is
embrittled by irradiation and fast loading from earth

)movement is encountered. Also, a container subjected to
ivery low temperatures during the pre-burial period could !suffer impact failure if accidently dropped onto an {unyielding surface. The failure mechanism is mainly speci- ;

fied here because of its importance as a measure of the
!quality of polyethylene manufactured by industry (Philips
|Chem. Co., 1982). Such testing warrants serious consider-
|

ation 6s a quality control test for HDPE container
materials.

_ f) Irradiation Embrittlement

The U-bend tests in gamma-radiation environments show that
crack initiation and fast propagation may occur if oxygen
is present. Intermediate dose r:ates and intermediate
stress levels are more likely to cause failure (Soo, and
others, 1988). The mechanism is associated with bond
cleavage which produces free radicals, which react with
oxygen by a chain mechanism to form oxidation products that
include hydroperoxide (Clough,1981). As a consequence of
these gamma-induced reactions, polymer chain scission and
crosslinking occur. Tests to characterize cracking may
include static U-bend tests, such as those used in the
current study. More sophisticated low-load creep tests
could be used in which the failure ductility and rupture
time are measured and compared to non-irradiated HDPE.
Note that, at high stresses, irradiation increases ductil-
ity (Section 5) so that irradiation embrittlement is not a
consideration. However, embrittlenvent is possible at low
stresses although no data are available in this program to
show this. Stress-relaxation tests may also be used to
study gamma-induced embrittlement. They are different from
the standard creep test in which a constar1t load is used in
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that stress-relaxation is studied under a constant strain.
The drop in stress with time is measured with an appro- +

priate load cell. Fracture mechanics techniques can also
be used to investigate cracking as a function of stress
intensity level and dose rate.

'g)' Buckling

Butkling failure in a container may- occur as a result o'f
'

'

the action of soil' overburden loads at a burial site. It- -

is characterized by unstable deformation as a result of
compressive stresses. Buckling' 'is a complex process and
may involve components of other failure processes such as *

creep and irradiation effects which could lead to a con'di-
tion of unstable deformation and collapse. Because of the
NRC requirement for long term waste / container stability
after disposal, container buckling, and the factors
controlling it, are of great concern.

6.2 Standard Tests for Evaluating HDPE Behavior

Table 6.1 lists standard ASTM tests which are available for testing HDPE
properties. Many of the failure / degradation modes, described in the sections
above, may be quantified through their use. The BNL U-bend test is also
iacluded because of its demonstrated versatility for crack initiation / pro-
pagation studies in chemical and radiation environments.

6.3 Development of a Testing Protocol

In qualifying HDPE for use in a high-integrity container that meets NRC
performance criteria, several specific procedural steps should be recognized.
These include the following:

a) Preliminary literature surveys and testing to show that the
material does not have any failure mode that would
unacceptably compromise its integrity,

b) Specification of container design criteria which, together
with hRC or State performance criterion, need to be met if
the container is to be successfully licensed, and

c) Performance of " final" materials testing to obtain data
which would be needed to quantify the various failure
modes. This information will be needed to finalize the
container design such that all design criteria and perfor-
mance objectives are likely to be met during service

These are discussed below.,

6.3.1 Preliminary and Final Materials Testing

In the selection of a particular type of HDPE it should be a goal to
speci fy a material with as few documented failure / degradation modes as
possible. Since superior materials are usually more expensive. a comprom!se
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Table 6.1 Available tests for evaluating failure / degradation modes in HDPE

Failure / Degradation
Mode Test Methods Scope of Test Method

~

'

Environmental ASTM D 1693 General scoping test' to deter-
Stress-Cracking 'mine susceptibility of material .

to cracking under the-action-of
a local multiaxial stress and a
surface-active liquid (Igepal

.C0-630).

ASTM D 2552 More quantitative test than .
D 1693 to determine failure
time of materiel under a given
stress and a surface-active
agent (Igepal C0-630) !

BNL U-bend General scoping test, similar,

Test to ASTM D 1693, but designed I

to quantify. crack !nitiation
and propagation under a tensile
stress. Various test environments
may be used.

Fracture . Tests using precracked
Mechanics specimens to measure crack

propagation rates as a function
of the stress-intensity factor.
See reference by Ward (1979).

Ductile Failure, ASTM D 638 Standard tensile test to measureSuperplastic Failure strength and ductility. May be
used to test in various environ-
ments.

ASTM D 2990 Standard test for creep under '

tensile, compressive, or fflexural conditions. May be !
used to test in various environ- !ments.

,

,
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)Table 6.1 Available tests for evaluating failure / degradation modes in HDPE :
(Continued)

__

Failure / Degradation
Mode Test Methods Scope of Test Method j

'

Low-Stress ASTM D 2990 ' Standard test that can be used )

Creep Embrittlement to.evaluafs low-ductiiity creep
'

~

failure under tensile and ,

flexural conditions for. various , {
envi ronments. Depending on test j
conditions, very long-term

.

ftesting may be required.. Higher
temperatures may possibly be
used to accelerate time for
failure, so that failure times ;

and ductilies may be extra--
polated to service conditions.

ASTM D 2991 Standard test for stress relax -.
.

ation at constant strain' level.
This test is useful to' evaluate
crack initiation / propagation
under low stress conditions. In

.

particular, it will show.how
temperature and environment
influence the rate of change in
residual stresses in a plastic.

Impact ASTM D 3029 Standard test to determine
Embrittlement energy to fracture plastic by

high speed falling weight. It

is also a val eble proceduret

when used to measure low-temp-
erature impact energy since it
is a good indication of the
degree of crosslinking.

.

I
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Table 6.1 Available tests for. evaluating failure / degradation modes in HDPE
(Continued). .I

-l
Failure / Degradation

. . . .I
Mode Test Methods Scope of Test Method

Irradiation BNL U-bend General scoping test to deteri
Embrittlement Test mine crack initiation and pro-

],pagation in material under a
tensile stress.

ASTM D 638 Standard tensile test to measure-
,tensile strength (at yield or

break), elongation (at yield or.
_;break), and the modulus of ' '

e;asticity. Comparison of
properties for non-irradiated
and pre-irradiated material will
quantify degree of- embrittlement.

!
ASTM D 790 Standard test to measure I

flexural (bending) properties I
of bar. specimens. Test
continued until-fracture or
until 5% maximum fiber strain is-
reached.

ASTM D 2990 Standard tensile, compressive,
and flexural creep test to
quantify creep rates and -
ductilities. Effects of
irradiation may be quantified by -
comparing properties of non-
irradiated and pre-irradiated
material or, more preferably,
comparing properties of'in-test
irradiated material and corre-
sponding non-irradiated methods.

ASTM D 2991 Standard stress-relaxation test
which may be used to quantita-
tive measure crack propagation in
irradiation environments. Comp-
lements the BNL U-bend test.

.
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Table 6.1 Available tests for evaluating failerc/ degradation modes in HDPE
(Continued)

~

__

_

Failure / Degradation
Mode Test Methods Scupe of Test Method

Irradiation Fracture Tests using precracked specimens
Embrittlement Mechanics to measure crack propagation

(Cont.) rates as a function of tt.c
stress-intensity factor. {

1

1

Liquid Absorpsion ASTM D 570 Test specifically developed to
measure amount of water absorbed
by plastic in a given time at a
given temperature. It should be
very useful for a range of

| liquids pertinent to HDPE usage
since these may influence
mechanical properties.

1

I

!

i

I

I

I
1
i
1

|

.
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must be reached on a cost / benefit basis. A material with a large number of
failure modes will only be qualified for use after lengthy testing for each
failure mode. Once each failure mode is quantified, steps may then be taken.
to finalize the container design such that the failure mode does not cause j
failure during the design lifetime. Two approaches are possible. One is to j" design out" the failure mode. For example, it is possible that the testing iprogram will identify a threshold stress level below which environmental i
stress-cracking will not - occur. By reducing the service stresses in the icontainer to a value below the threshold one could argue that such a failure

Jmode will not occur during service. Hence, it does not need to be considered 1further in the container design process. The second approach is often more
di f ficult since it must consider how fast a failure / degradation mode is
progressi g. An example would be the velocity of a crack _ in a stressed
container in the presence of a gamma irradiation field. If the crack can be
shown to travel a distance less than the wall thickness of the container over
the design lifetime then, again, it could be ' argued that such a failure mode
will not prevent the container from meeting performance requirements. Much
testing would need to be done for such a case since accelerated tests would
need to be conducted over wide ranges of stress intensity and gamma dose
rate. Uncertainties in the data would need to be addressed and certified
procedures for extrapolating the data to prototypic service conditions must,
also, be developed.

6.3.2 Specification of Container Design Criteria

Of great importance to the development of.'a successful container is the
specification of design criteria which need to be met if NRC performance
objectives are to be complied with. In many cases the design criteria used ;

are arbitrary and reflect the degree of cr .ervatism the designer chooses.
For example, a design criterion to prevent 411ure by tensile creep could be
one of the following:

a) Specification of a design stress limit in the container
which would insure that creep never enters the Stage . III
creep region where failure begins,

b) Specification of a maximum allowable design strain (elonga-
tion) so that failure could not occur.

Alternate design criteria could also be defined but once one has been
selected it would be used to demonstrate compliance with an NRC (or State)
requirement. Below is summarized a sequence of events which would lead to
demonstration of compliance.

Step 1

Identi fy from literature surveys and preliminary testing all
possible failure / degradation modes for HDPE containers. Rank
them in order of importance with respect' to early failure.

Step 2

Initiate comprehensive testing to quantify the failure modes
concentrating, first, on the most important ones.

110
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Step 3

Try to specify sontainer service conditions which would render
the container immune to as many failure modes as possible.

Step 4

Specify container design criteria which, if met, will prevent
failure during service.

.

Step 5

Use materials test data to show that the design criteria are
likely to be met, and, therefore, that regulatory requirements
are similarly met.

6.3.3 A Recommended Testing Protocol
.

| Any testing protocol must eventually produce quantitative information
that can lead to certified procedures that will demonstrate compliance with'

numerical performance objectives. Some ASTM tests are qualitative insofar
as they will indicate a material's susceptibility to failure or degradation
under specific, often accelerating, conditions. Such tests are of use in
identifying potential failure processes but they do not usually allow a
material to be qualified for long term service. The tests may, for example,
not detect the existence of a failure mode that has a very long incubation

time. Also, the conditions of test may be such that the material is immune to
a particular failure process although it could occur under supposedly more
benign prototypic service conditions. Such a situation was observed in the
irradiated U-bend tests (Section 3.3) where it was found that cracking was
most pronounced at lower, more prototypic, gamma dose rates. Therefore, a

combination of preliminary and final test methods should be carried out to
obtain a sufficiently accurate understanding of the material 's long term
behavior.

A general engineering rule-of-thumb rega rding the maximum duration of
tests is that they should last for periods up to one-tenth of the design life
of the component being evaluated. Thus, creep behavior in a component with a
design life of 20 years should be analyzed using creep data from tests lasting
up to at least 2 years. This approach is impractical for a container with a
300 y design life, since few manufacturers would commit resources to 30,y
creep tests. Threfore, a satisfactory creep analysis would probably entail
comprehensive accelerated testing (at higher stresses and temperatures) to
provide parametric procedures for extrapolating to service conditions. There
would also be a need to employ larger design safety margins to ' offset the
greater uncertainty in very long term creep properties.

Table 6.2 is a recommended testing protocol to provide preliminary data
to support a material's basic suitability for use as a container material and
final tests that will provide a quantitative basis to show that predetermined
design criteria can be met. This will lead to a derncqstration of compliance

with regulatory performance objectives.

In
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It must be stated ' that the .. testing protocol is necessarily subjective,
being based on the authors' experience with Marlex CL-100 HDPE. . Alternate
protocols may be equally valid.. The tests are listed in order of estimated
importance and. should be initiated.in' the approximate sequence shown. If, for

example, environmental stress. cracking is shown to be a serious' problem based
~

o% preliminary ASTM tests, then consideration may be given to the selection of ~
e new. type of HDPE, or to a modification of the molding and curing parameters-
in order to improve the behavior to an acceptable level.

Buckling is included as. a failure mode,.~although it is really a
combination ' of slow creep and subsequent fast deformation processes. . . These , I

are quantified in other tests. However, qit is an important . failure process
which has' gained much publicity in recent times with respect to the ability of
HDPE containers to withstand soil overburden stresses at burial sites (Jur and
Poplin, 1986) .

As mentioned above, it woul d be extremely desirable .if the . container
could be designed to specifications (molding / cure conditions, stress level,
gamma dose rate, temperature, etc.) such that particular failure modes'are not
able to occur, i.e.,- the material becomes immune. Such immunity allows these
failure modes, and any additional long term testing associated with them, to
be removed from further consideration.

Finally, in any. testing protocol the importance of batch-to-batch.
variations in materials properties must be addressed. There is always the
likelihood that information- from one batch of HDPE~ could reflect- superior
behavior because of some lucky combination of processing variables that took
place during manufacture. The likely variation in a measured property may be
best estimated by conducting tests on several batches of material.
Appropriate data from the literature may also be used, if they are available.

.
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APPENDIX ^

Estimation of Strain Levels on the Surface of a U-Bend Specimen.

/

/

*
L3 -

"
L*' a- ro

NEUTRAL
.

AXIS

Consider a segment of a circle at the apex of a U-bend subtending an angle e
at the center of curvatures. It is obvious that:

(1)=-

where ri is the radius of curvature of the outer surface and r2 is the radius
of curvature of the neutral (stress free) axis which is assumed to lie midway
between the inner and outer bend surfaces.

ri was measured to be 0.32"

Since the thickness 'of the U-bend is 0.125", then ro is equal to
0.32" - 0.5 x 0.125" = 0.258"

From equation 1,

L L at 0.32
q =

o + AL
1 + q = 0.2575

i 1.243= =

.

e
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!

where ti is the increase in length at the outer surface caused by bending. By
definition, aL/La is the " strain," therefore:

strain AL/Lo = 0.243 or 24.3 percent

At a location P on the side of a U-bend, the radius of curvature ri is |
typically 0.75". Using Equation (1) the calculated strain is 9.1 percent. !

<

|
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