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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments individually
or in cooperation with their state universities and others. However, the
accelerating growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities. These
problems are best studied through a coordinated program of
cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation Officials
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a continuing basis by funds from participating member states of the
Association and it receives the full cooperation and support of the
Federal Highway Administration, United States Department of
Transportation.

The Transportation Research Board of the National Academies was
requested by the Association to administer the research program
because of the Board’s recognized objectivity and understanding of
modern research practices. The Board is uniquely suited for this
purpose as it maintains an extensive committee structure from which
authorities on any highway transportation subject may be drawn; it
possesses avenues of communications and cooperation with federal,
state and local governmental agencies, universities, and industry; its
relationship to the National Research Council is an insurance of
objectivity; it maintains a full-time research correlation staff of
specialists in highway transportation matters to bring the findings of
research directly to those who are in a position to use them.

The program is developed on the basis of research needs identified
by chief administrators of the highway and transportation departments
and by committees of AASHTO. Each year, specific areas of research
needs to be included in the program are proposed to the National
Research Council and the Board by the American Association of State
Highway and Transportation Officials. Research projects to fulfill these
needs are defined by the Board, and qualified research agencies are
selected from those that have submitted proposals. Administration and
surveillance of research contracts are the responsibilities of the National
Research Council and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program, however, is
intended to complement rather than to substitute for or duplicate other
highway research programs.
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FOREWORD

By Edward T. Harrigan
Staff Officer
Transportation Research Board

This report provides potential specifications for corrugated drainage pipe manufactured
with recycled high-density polyethylene (HDPE). The report details the research performed
and includes proposed draft specifications for recycled HDPE, formulations of virgin and
recycled HDPE, and drainage pipe containing recycled HDPE. Thus, the report will be of
immediate interest to materials engineers and bridge and structural design engineers in state
highway agencies, as well as to thermoplastic pipe suppliers.

The corrugated drainage pipe market in the United States consumes in excess of a billion
pounds of virgin HDPE annually. Previous research has demonstrated the feasibility of
blending virgin HDPE with recycled HDPE (millions of pounds of which are generated each
year) to manufacture drainage pipe. To produce pipe of satisfactory quality, HDPE blends
must consistently maintain critical material properties that affect pipe durability, such as
strength and structural properties, density, melt index, environmental stress-crack resis-
tance, and thermal stability, at the levels required by relevant AASHTO specifications.

The objective of this research was to develop specifications for (1) recycled HDPE
intended for use in the manufacture of corrugated drainage pipe and (2) corrugated pipe
manufactured from blends of virgin and recycled HDPE. To accomplish this objective, the
research examined the structural and service capabilities of corrugated drainage pipe man-
ufactured with recycled HDPE content in typical transportation applications and evaluated
the applicability of existing design and performance standards for corrugated drainage pipe
manufactured with virgin HDPE to that containing HDPE.

The research was conducted by TRI/Environmental, Inc. of Austin, Texas in three phases.
In the first phase, key material properties of a wide range of post-consumer recycled (PCR)
and post-industrial recycled (PIR) HDPEs were compared to those of virgin HDPEs typi-
cally used to produce corrugated drainage pipe. The results showed that PCR, mixed-color,
reprocessed HDPE was the preferable recycled material because of its wide availability and
good consistency. In the second phase, 67 different blends of PCR mixed-color, reprocessed
HDPEs and virgin HDPEs were prepared and tested to determine their suitability for pro-
duction of corrugated drainage pipe of satisfactory quality and performance. In the final
phase, several promising blends of recycled and virgin HDPEs were used to manufacture 15
12-in.-diameter pipe samples at three different manufacturing plants. The short-term mate-
rial properties and long-term durability of these pipe samples were tested and compared to
control pipe manufactured under the same conditions from virgin HDPE.

Overall, the research demonstrated that (1) pipe made with a 50% or greater content of
recycled HDPE can provide adequate short- and long-term properties and a service life
comparable to pipe manufactured with 100% virgin HDPE and (2) the best blends are those
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that combine recycled HDPE with virgin HDPE lower in density and higher in stress-crack
resistance than those typically used in the production of corrugated drainage pipe.

The report fully documents the research leading to the development of draft specifica-
tions for recycled HDPE, formulations of virgin and recycled HDPE, and two sizes of cor-
rugated drainage pipe proposed for review and possible adoption by the AASHTO High-
way Subcommittee on Materials. Besides the full text of the contractor’s final report, this
report contains six printed appendixes:

APPENDIX A: Procedures and Test Methods

APPENDIX E: Proposed Specification for Reprocessed, Mixed-Color, PCR-HDPE

APPENDIX F: Proposed Specification for Recycled Containing HDPE Resin
Formulations for Corrugated Pipe Made to AASHTO
Specification M252-Recycled

APPENDIX G: Proposed Specification for Recycled Containing HDPE Resin
Formulations for Corrugated Pipe Made to AASHTO
Specification M294-Recycled

APPENDIX H: Proposed Specification for Corrugated Polyethylene Drainage Pipe
Containing Recycled Polyethylene, 75- to 250-mm Diameter

APPENDIX I: Proposed Specification for Corrugated Polyethylene Drainage Pipe
Containing Recycled Polyethylene, 300- to 1500-mm Diameter

In addition, three appendixes are available to download from the NCHRP Project 04-32
web page at http://apps.trb.org/cmsfeed/ TRBNetProjectDisplay.asp?ProjectID=865:

APPENDIX B: Recycled Polyethylene Resins
APPENDIX C: Recycled-Resin Blends
APPENDIX D: Pipe Containing Recycled HDPE
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SUMMARY

Performance of Corrugated Pipe Manufactured
with Recycled Polyethylene Content

The corrugated drainage pipe market in the United States consumes in excess of a bil-
lion pounds of virgin high-density polyethylene (HDPE) annually. At the same time, mil-
lions of pounds of recyclable HDPE are generated each year. Industry-funded research has
demonstrated the feasibility of blending recycled and virgin HDPE to manufacture corru-
gated drainage pipe. The working hypothesis is that good quality pipe can be manufactured
from such blends if critical material properties that affect pipe performance and durability,
such as strength and structural properties, density, melt index, environmental stress-crack
resistance, and thermal stability, are consistently maintained at specified levels in the blends.

At present, AASHTO specifications do not permit the use of recycled HDPE in the pro-
duction of corrugated drainage pipe. Research was needed to determine if there were blends
of virgin and recycled HDPE that met the current requirements of AASHTO Specifications
M252 and M294. Additionally, the long-term performance of pipe made with these blends
had to be assessed and specifications were needed to ensure that quality products were made.

The objectives of this study were to

1. Determine the availability, properties, and consistency of recycled (HDPE) intended for
use in the manufacture of corrugated drainage pipe.

2. Prepare blends of recycled HDPE with virgin corrugated pipe resins and determine the
properties of the blends.

3. Select candidate resin formulations containing recycled HDPE and manufacture 12 in.
diameter, dual wall, corrugated pipe from the blends.

4. Determine the short- and long-term properties of the blends and evaluate if the currently
used design standards can be used for recycled content—containing pipe.

5. Prepare specifications and standard test methods for resins and pipe that contain recycled
HDPE.

The study was divided into three main parts:

—

. Recycled polyethylene resins,
. Blends with recycled and virgin pipe resins,
. Pipe made from blends containing recycled PE.

W N

There were 25 samples of recycled PE obtained for the first part of the study. These in-
cluded 22 post-consumer recycled (PCR) and three post-industrial recycled (PIR), and both
mixed-color and natural PCR. The results demonstrated that post-consumer, mixed-color,
reprocessed HDPE was the best available recycle material available because of its availabil-
ity and consistency. PIR PE could be found with superior properties to PCR, but it is not
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consistently available. Natural PCR (milk bottles) is consistent, but it is also more expensive
than mixed color and is more brittle. Mixed-color PCR (PCR-MCR) resins were favored be-
cause there are about a dozen suppliers, the products are more consistent, and there is a trade
association dedicated to the production of high quality materials. The resins have good
strength properties, but poor stress-crack resistance and contain contaminants that can limit
their performance over the long term.

The second part of the study included the preparation and testing of 67 different blends.
These were all characterized by a variety of tests. Over 700 tests were performed. The results
demonstrated that some properties [density, percentage polypropylene, percentage black,
percentage ash, oxidative induction time (OIT), and tensile] varied in a linear manner with
recycled content. Other properties (melt index, stress-crack resistance) varied exponentially
with recycled content. This is important because it allows one to estimate the properties of
a blend from the properties of the components.

The final part of the study involved the manufacture of 15, 12-in.-diameter pipe samples
at three different manufacturing plants. Each plant made five pipe samples, and all three
plants made a sample with 100% virgin HDPE and a sample with 30% recycled HDPE for
controls. The short-term properties were measured on all 15 samples and long-term dura-
bility studies were performed on six candidate blends. The results showed that it is difficult
to make blends better than virgin if one simply adds recycled resin to virgin resin. In fact,
the results showed that the study was limited by its focus on blending with virgin corrugated
pipe resins. Much better properties can be obtained by blending recycled resins with virgin
resins lower in density and higher in stress-crack resistance than the virgin pipe resins. It
seems clear from the results that pipe made with significant amounts (>50%) of recycled PE
can be developed with adequate short-term properties and long-term properties that sug-
gest that the pipe will last 50 to 100 years.

These results led to the development of five proposed individual product specifications.
These included a specification for mixed-color PCR resins intended to be used in formula-
tions to make AASHTO M252 or M294 pipe. Two separate specifications for fully formu-
lated resins intended for pipe for either M252 or M294 applications. And two specifications
for pipe that are to be used in M252 or M294 applications.
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CHAPTER 1

Introduction

The corrugated drainage pipe market in the United States
consumes in excess of a billion pounds of virgin high-density
polyethylene (HDPE) annually. At the same time, millions of
pounds of recyclable HDPE are generated each year. Industry-
funded research has demonstrated the feasibility of blending
recycled and virgin HDPE to manufacture corrugated drainage
pipe. The working hypothesis is that good quality pipe can be
manufactured from such blends if critical material properties
that affect pipe performance and durability, such as strength
and structural properties, density, melt index, environmental
stress-crack resistance, and thermal stability are consistently
maintained at specified levels in the blends.

At present, AASHTO specifications do not permit the use
of recycled HDPE in the production of corrugated drainage
pipe. Research was needed to

1. Determine if there are blends of virgin and recycled HDPE
that meet the current material property requirements spec-
ified by AASHTO and defined in ASTM D3350;

2. Perform post-production tests on pipe manufactured with
blends of virgin and recycled HDPE to assure its long-term
stress-crack resistance and antioxidant effectiveness are
equivalent to that of pipe made from virgin HDPE, as cur-
rently specified in AASHTO M294 or M252;

. Identify whether contaminants present in recycled HDPE

will adversely affect the long-term service life of finished pipe;

. To the extent possible, evaluate the performance of existing

installations of corrugated drainage pipe produced from
blends of virgin and recycled HDPE; and

. If warranted, develop specifications and test methods to

support the use of recycled HDPE in the manufacture of
corrugated drainage pipe.

The objectives of this study were to

. Determine the availability, properties, and consistency of

recycled HDPE intended for use in the manufacture of
corrugated drainage pipe;

. Prepare blends of recycled HDPE with virgin corrugated

pipe resins and determine the properties of the blends;

. Select candidate resin formulations containing recycled

HDPE and manufacture 12-in.-diameter, dual wall, cor-
rugated pipe from the blends;

. Determine the short- and long-term properties of the blends

and evaluate if the currently used design standards can be
used for recycled-containing pipe; and

. Prepare specifications and standard test methods for resins

and pipe that contain recycled HDPE.
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CHAPTER 2

Research Approach

The approach taken to meet the objectives mentioned in
chapter 1 was to divide the project into three distinct phases.
These phases were Recycled Resins, Recycled-resin Blends,
and Pipe Made from Recycled-resin Blends.

Phase 1—Recycled PE Resins

The purpose of Phase 1 was to determine which types
of recycled PE are available, where these materials can be
obtained, and what their properties are. The approach was
to collect samples of recycled HDPE, determine what their
typical properties were, study the effects of some common
contaminants, and develop test methods to characterize the
materials. The results of this phase of the study allowed the
assessment of the best kind of recycled PE for use in corru-
gated drainage pipe.

Phase 2—Recycled Resin Blends

The purpose of Phase 2 was to determine how the addition
of recycled HDPE would affect the properties of Canadian
Petroleum Products Institute (CPPI)-certified resins and to
select specific blends for trial corrugated pipe manufacturing.
The approach was to prepare blends of virgin pipe resins that
contained different types and amounts of recycled HDPE.
Once the blends were made, key relationships were developed
that allowed one to predict the properties of blends so that
optimized formulations could be used in the next phase to
make actual pipe.

Phase 3—Pipe made from
Recycled-Resin Blends

The purpose of this phase of the project was to manufacture
dual wall corrugated drainage pipe out of resin formulations
containing recycled HDPE. Once the pipe was made, the
short-term properties were measured and compared with the

requirements of AASHTO M294. Additionally, some longer-
term stress-crack tests were performed. And, finally, some
candidate pipe samples were evaluated for their long-term
creep strength, creep modulus, and stress-crack resistance.

Short-Term Properties

The purpose of short-term tests is to characterize a resin or
pipe enough to feel confident that the properties are consistent
from lot-to-lot. This is especially important for recycled resins,
which are known to be variable. For example, in post-consumer
recycled (PCR) HDPE the percentage of milk bottles mixed in
with colored bottles will change. Since these two types of HDPE
have different properties, the properties of the recycled product
will change. Short-term tests can reveal these differences in
properties.

Another use for short-term properties is to control contam-
ination. For example, the amounts of particulate matter can
be measured by burning off the polymers and carbon black
and measuring the ash content. The control of contaminants
can also be achieved through mechanical properties. When a
tensile test is performed, the test specimen will always break at
a flaw. Samples with more potential flaws (particles, unblended
polymers, gels) will break at lower strains. One can therefore
get an idea about the level and size of contaminants by mea-
suring the strain at break.

And finally, the results of some short-term tests can offer
a bit of information about the long-term serviceability of the
material. When the flexural modulus or tensile yield stress
is measured, one gets a feeling for how the material might
respond to stress. Stress-crack tests, like the notched, constant
tensile load (NCTL) (ASTM D5397) or notched, constant
ligament-stress (NCLS) (ASTM F2136) can give an idea of
the relative stress-crack resistance between materials. These
are important for use with recycled materials because the
particulates and other polymers may promote crack initiation
or growth. And, when one measures the oxidative-induction
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time (OIT) (ASTM D-3895) or the oxidative-induction tem-
perature (OITemp) (ASTM D3350), the presence of stabilizers
can be detected, offering some assurance that stabilizers are
present (note that the OIT or OITemp tests do not predict
long-term performance).

The short-term properties used for this project included:

1. Density—basic property of PE;
2. Melt Index (MI)—basic PE property relating to molecular
weight;
3. High Load Melt Index (HLMI)—ratio of 2 MI tests relates
to molecular weight distribution;
4. Percentage Color—organic fillers like colorants and
carbon black;
Percentage Ash—inorganic fillers and contaminants;
. Differential Scanning Calorimetry (DSC)—detects pres-
ence of other semicrystalline polymers like PE;
Flexural Modulus—indicator of stiffness;
Tensile Yield Strength;
Strain at Break—sensitive to contaminants;
10. Notched, Stress-Crack Test—determines relative crack
initiation and growth;
11. Un-Notched, Stress-Crack Test—sensitive to contami-
nants that may initiate cracks; and
12. OIT and OITemp—indicators of stabilization.

o u
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Long-Term Properties

There is absolutely no doubt that the most important part
of this study is to generate reliable data concerning the long-
term performance of pipe made with recycled PE content.
The approach for this project was to use the solid wall pipe

5

industries’” practices as a model for the development of tests
for use with corrugated pipe resins.

Service Lifetime of PE

The long-term service lifetime of HDPE is often presented
in a graph like the one in Figure 1. An understanding of this
graph is necessary to develop test methods to characterize the
long-term behavior of PE.

It shows three distinct stages of aging. The first stage is the
likely service lifetime for materials placed under significant loads
(>30% of yield). Over time, because of the time-dependent
process of creep, the material will fail by yielding or stretching
in a ductile manner. The second stage is at intermediate loads
and involves failures by slow crack growth (stress cracking).
And, finally, under low stresses the material will fail only after
the additive package has been consumed and the HDPE under-
goes oxidation.

The first stage is somewhat dependent on the material’s yield
strength, the service temperature, and the stress. Long-term
tests for yield strength usually involve placing the material
under a load less than its strength and waiting for failure to
occur. This is called stress rupture if the sample is placed under
a constant strain, or creep rupture if the sample is placed under
a constant stress. Temperature is sometimes used to accelerate
the process and the results are analyzed through a method called
time-temperature superposition (TTS), which assumes that
higher temperatures and shorter times can be related to lower
temperatures and longer times. A specialized form of TTS is
called the stepped isothermal method (SIM) and has been used
successfully on polyester, polypropylene, and PE reinforce-
ment products for civil engineering applications. The end of

Stage | - Ductile

Log Stress (psi)

Equilibrium Yield Stress

N

Stage Il - Brittle

Stage Il - Oxidation

Log Failure Time (Hrs)

Figure 1. Hypothetical service lifetime for HDPE.
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this stage is characterized by the equilibrium tensile strength.
Any service stresses lower than the equilibrium yield stress will
not cause a ductile failure during the service lifetime.

The second stage involves brittle cracking through slow crack
growth. During this stage, a defect in the material can initiate
a craze, which can, in turn, become a running crack, eventually
causing a break in the material. For a brittle crack to grow there
has to be a significantly sized and shaped defect, and sufficient
load. HDPE materials have an inherent stress-crack resistance
that can be measured, but manufacturing defects and flaws can
accelerate cracking. For PE pressure pipe, the best way to pre-
dict service lifetime is the long-term hydrostatic strength test.
This entire technology has been developed for pressure pipe
and the results are relied upon for the design of pressure piping
systems. ASTM D2837 describes a method called hydrostatic
design basis for evaluating the service lifetime of pressure pipe.
This involves high loads (ductile failure) at room temperature
to determine the long-term hydrostatic strength (LTHS) and
intermediate loads (slow crack growth) at elevated tempera-
tures to validate that slow crack growth will not occur within
100,000 h. Similar tests for corrugated pipe have been presented,
including the Federal Institute for Materials Research and
Testing (BAM) Test (1, 2), the Florida Department of Trans-
portation (FL-DOT) junction test (3), the ring stress-crack
test (4), and the BAM—-FL-DOT—-Fathead (BFF) Test (5).

It should be clearly stated that both Stage I and Stage II
service-lifetime plots are necessary to determine which process
will limit the service lifetime of the pipe. If the point where the
two lines cross on the time scale is greater than the expected
service lifetime, the most important failure mode is ductile. If
the crossover point on the time scale is less than the expected
service lifetime, then stress cracking is the life-limiting failure

mode. In the early days of pressure pipe, most of the failures
occurred by slow crack growth. But, as the stress-crack resis-
tance of the resins got better and better, the primary failure
mode during service became ductile.

The final stage occurs at service stresses below the stress that
would cause a stress crack during the service lifetime. In this
case, the entire part becomes brittle through chemical oxidation
and fails by many cracks starting at the same time. This region
is controlled by the additive package that contains the long-
term antioxidants and/or light stabilizers. Oxidation is largely a
nonissue for properly stabilized resins. However, there should
be some requirement for an OIT value or a specified minimum
additive package placed in the final specification for resins con-
taining recycled PE. An OIT of 50 minutes should suffice and
there are commercial additive packages that meet the criteria.

The PE pressure pipe industry has used this failure envelope
for many years to ensure the quality of resins used for gas
and water distribution pipelines. The main protocol for this
is ASTM D2837, “Standard Test Method for Obtaining Hydro-
static Design Basis for Thermoplastic Pipe Materials or Pressure
Design Basis for Thermoplastic Pipe Products.”

For medium- and high-density PE pipe, the method requires
that at least 18 data points are generated at room tempera-
ture with one point over 10,000 h (1.14 years). These points
are then plotted as Log Stress vs. Log Time and the resulting
line extrapolated to 100,000 h (11.4 years). The 100,000 h stress
is called the LTHS. The LTHS value is then fitted within a range
of values given in the standard to define the hydrostatic design
basis (HDB). An example is shown in Figure 2.

This shows a good example of a situation where only Stage I
failures are observed during the test. The ASTM standard also
accounts for Stage II or Brittle Failure through slow crack

3.5

STAGE |

Log Stress (psi)
w

3.25 4
+
*

100,000 Hrs

N

LTHS = 1336 psi

y = 0.0241x + 3.2464 HDB =1250
R? = 0.9381
2.75 4
2.5 T T T
0 1 2 3 4 5 6

Log Time (Hrs)

Figure 2. Determination of the hydrostatic design basis (HDB).
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Figure 3. Determination of the HDB when Stage Il is involved.

growth. This is shown in Figure 3, and one can see that the
failure mechanism has transitioned from Stage I to Stage II at
the stresses evaluated. It’s important to understand that the first
example will undergo Stage II, it’s just that it occurs at a time
over 100,000 h.

Figure 4 shows Stage I and Stage II for examples of both a
HDB 1250 and HDB 1000 resin.

These examples clearly show that the differences seen
between resins is that the slope of the ductile line is shallower
and, therefore, the transition from ductile to brittle (Stage I
to Stage II) occurs later in time. This is why just specifying the

yield stress or flexural modulus is not enough. One needs to
determine the slope of the line in Figure 2 to get a good under-
standing of long-term behavior under stress.

Once the HDB category is found, the hydrostatic design
stress (HDS) is found by applying a design factor (DF) to the
HDB. The DF is similar to a factor of safety, where reductions
are estimated for installation damage, lot-to-lot variability, and
so forth. In the pressure pipe industry, a DF of 0.50 (or 0.62)
is applied to water pipe and a DF 0f 0.32 is applied to gas pipe.
So, a 1250 HDB resin would have a HDS of 625 psi and 400 psi
in water and gas applications.

35
100,000 Hrs —»
3.3 - LTHS = 1336 psi
. HDB = 1250 psi
a
= A
8 31
(2]
(%]
o >
7] LTHS = 977 psi
D29 - ;
M HDB = 1000 psi
A
2.7 -
25 . . . .
0 1 2 3 4 5 6 7 8

Log Time (Hrs)

Figure 4. A comparison between the examples shown

in Figures 2 and 3.
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One of the advantages of hydrostatic testing on plastic pipe
is that one can generate both Stage I and Stage II failures with
the same basic test. Additionally, a resin and carbon black
formulation is certified through the room temperature testing.
Then, as long as the formulation stays the same, there is no
additional testing. In the present case, where we want to eval-
uate pipe resins containing recycled materials, every lot may
be different and accelerated tests must be used to estimate the
long-term performance of the materials. Moreover, there will
have to be two accelerated tests performed, one for Stage I
(ductile) and another for Stage II (brittle).

Along with the long-term strength (Stage I), AASHTO
requires long-term creep modulus and long-term creep strain
as part of the design for corrugated pipe. The approach to
determine both the creep and creep rupture properties of pipe
containing recycled PE is through the SIM accelerated test.

The SIM for Predicting Creep and
Creep Rupture (Stage 1) Properties

The SIM is a special form of TTS that has been used to
extrapolate short-term creep results (~24 h) into long-term
estimates of creep behavior (50, 100 years). It was originally
developed in these laboratories on polyester (PET) geogrids
used for reinforcement applications (6, 7). The application of
SIM to PET has been verified and validated by several other
laboratories comparing the SIM results to conventional creep
tests performed at room temperature (8). It has also been
used by others on other PET fibers, Kevlar, and polyethylene
naphthanate (PEN)(9).

It has also been used in these laboratories to examine poly-
propylene (PP) buried structures and most recently on HDPE

8.0

resins used for corrugated drainage pipe. It has been validated
for PP by comparing SIM results to conventional creep results.
A plot of duplicate SIM results compared with two, 10,000 h
conventional creep tests is shown in Figure 5.

The main difference between PET and HDPE is their respec-
tive temperature dependencies at temperatures from ambient
to 80°C. HDPE’s properties change at a higher rate with tem-
perature than PET’s properties. In fact, the low-temperature
dependency of PET strength was the main reason SIM was
developed in the first place. The sample-to-sample variability
could be as large as the difference in creep rates at two different
temperatures. A comparison for the two materials is shown
in Figure 6.

TTS has been used for decades and it is the basis for the
validation procedures for PE pipe materials in ASTM D2837
and Plastics Pipe Institute (PPI) Technical Report TR-3 (10).
TTS can be used to project the long-term hydrostatic strength
of pressure pipe.

Basically, increasing the temperature of a process like creep,
stress relaxation, or slow crack growth is equivalent to per-
forming the test at longer times. The higher the temperature,
the longer the accelerated time.

In the case of traditional TTS, tests are performed at various
elevated temperatures on different samples and the results
shifted to a lower target temperature. Because of the sample-
to-sample variability, the result of TTS can be uncertain and
requires tests on many specimens. Two examples of TTS are
the Rate Process Method and Popelar Bi-Directional Shifting
Method.

SIM is a form of TTS where behavior at multiple tempera-
tures is observed on a single test specimen, which reduces
the uncertainty of the behavior due to sample-to-sample
variability.

Reference Temperature - 23C

7.0 1 1000 psi Stress

6.0 -
5.0 A

4.0 1

% Strain

3.0 1

2.0 A

1.0 A

2 ea Conventional Creep-Modulus

0.0 T T T T

10,000 hours
V\
2eaSIM
50 years

4 3 -2 A 0 1 2 3 4 5 6 7 8
Log Time (hr)

Figure 5. Comparison between conventional creep and
SIM for a PP storm chamber under 1,000 psi of stress.
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Figure 6. Temperature dependence of PET and PE.

An example SIM test for HDPE was performed under the
following conditions:

Sample: Type I Dumbbell.

Strain Measurement: Extensometer.

Initial Temperature: 20°C.

Temperature Steps: 7°C (20, 27, 34,41, 48, 55, 62,69, 76, 83).
Stress: 500 psi.

Dwell Time: 10,000 seconds (2.77 h).

The raw, unshifted data are shown in Figure 7.

There are 10 temperature steps shown on the plot. Notice
that the sample yielded catastrophically during the early part
of the 83°C step. It’s also easy to see that at each successive

temperature step, the creep rate increases. This is due to the
increased temperature, but also because PE gets softer as the
temperature rises. So, in reality, there is a double acceleration.

The next step in the analysis is to determine what is referred
to as the virtual starting time (t’) for each step above the first
one. This accounts for the effects of the creep that occurred
at the lower temperature. This step is necessary because the
specimen “remembers” what had occurred at the previous
creep step. This also allows one to rescale the individual creep
curves and get them all on a common time scale.

The t” is found by plotting creep modulus vs. log time for
the end of one step and the beginning of the next step. Then,
one can adjust the t” iteratively until the slopes of the two
curves are parallel. A vertical shift is also added at this time

41°C

34°C
27°C
20°C

48°C

‘(83°C
K

/ 76°C
/—‘ 69°C

62°C
55°C

0 T T T T
0

Figure 7. Raw SIM data.
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Figure 8. Creep modulus master curve under 500 psi of stress.

until the two parallel lines line up. The matching of the slopes
of the end of one step with the beginning of the next step is
the critical step for accurate extrapolations.

Once this is done for each step, master curves can be pre-
sented as either creep modulus or strain. Master curves for
this data set are shown in Figures 8 and 9.

From these two curves, one can obtain both the 50-year
creep modulus and 50-year creep strain. In this case, they
are 23,250 psi and 2.15% respectively. These represent the
behavior of the material when placed under a 500 psi load for
50 years.

Notice that there are gaps between the extrapolated
steps. The transition from one temperature to the next is an
important variable in SIM testing. The time it takes for the
specimen to equilibrate at the new temperature should
be just a few minutes. Other things that occur during the
transition time are thermal expansion or contraction of the
specimen as well as re-equilibration of the grips and exten-

someter. The researcher excludes the data from the transi-
tion region, but keeps the time scale in place. The transi-
tions then show up as blank spots in any plot with time as
the abscissa.

SIM can also be performed under higher loads to create a
creep-rupture environment. Recall that the SIM test above
was performed under an applied stress of 500 psi (about 12.4%
of ultimate). If one does the same test at 1,000 psi, the master
curve can produce the time it would take for the sample to
yield under the applied load. This is shown in Figure 10. The
extrapolate time to Stage I failure under these conditions is
about 1,900 years. Shorter times are found for applied stresses
of 1,500 and 2,000 psi (Figures 11 and 12).

These three results can then be put together on a plot of Log
Stress vs. Log Time, to generate a Creep Rupture Master Curve.
The one for the results above is shown in Figure 13.

The results from these tests show that the 50-year yield
strength will be about 1,161 psi.

Sample B1 222 %
] 2.15 % /
\//
2]
< 7
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-4 -3 -2 -1 0 2 3 4 5 6 7
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Figure 9. Creep strain master curve under 500 psi of stress.
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Figure 10. Long-term yield stress by SIM at 1,000 psi.
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Figure 11. Long-term yield stress by SIM at 1,500 psi.

40
REFERENCE TEMPERATURE - 23C
35
2000 psi

30
< 25|
pd
Z 201
T

15
® 1.11

10 - /

5 4

0

-4 -3 2 -1 0 1 2 3 4 5 6

LOG TIME (hr)

Figure 12. Long-term yield stress by SIM at 2,000 psi.
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Figure 13. Creep rupture master curve.

The Long-Term Stress-Crack
(Stage IlI) Resistance

The long-term stress-crack resistance of pipe formulations
containing recycled content will certainly be the life-limiting
property for properly installed corrugated pipes. The con-
taminants present can be locations for stress cracks to grow.
How quickly a crack grows will depend on the size, shape, and
hardness of a particle along with the inherent stress-crack
resistance of the resin or resin blend. In fact, it would not be an
understatement to say that the resistance to slow crack growth
is the critical property for the success of this project.

The success that the gas pressure pipe industry has had
reducing failures can be used as a model for creating a testing
protocol to evaluate recycled content—containing pipe blends.
For pressure pipe, the long-term strength is determined first
(Stage I) at room temperature, then a validation test is per-
formed at 80°C or 90°C to ensure that brittle crack growth
(Stage II) will not occur during the service lifetime of the pipe.
Validation can be performed two ways; one based on the
Rate Process Method (RPM) (11) and one based on Popelar
bi-directional shifting (POP) (12). These two methods of TTS
are described in detail in Appendix D, Section D.8.2.

A test similar to the long-term hydrostatic strength test
for pressure pipe is needed and will be sought as part of
this study.

The best features of the long-term hydrostatic strength test
include the following:

¢ The finished product can be tested.
¢ The thickness control of the test specimen is excellent.
e The applied stress is uniform throughout the specimen.

e There is no notch, so failures occur at naturally occurring
flaws.
e The results relate to the real world.

There have been three different long-term stress-cracking
tests proposed for corrugated drainage pipe in the past few
years (I, 3, 4). These are commonly known as the BAM Test,
the FL-DOT junction test, and the pipe ring test.

The FL-DOT Junction Test

The FL-DOT has sponsored a research project to develop
test methods to determine if corrugated pipe can have a service
lifetime of 100 years (3). One of the tests involves stress-crack
tests without a notch on specimens taken from the pipe. The
particular location tested is the junction between the liner and
the corrugation. FL-DOT Test Method FM 5-572 covers the
performance of the test and FM 5-573 covers the procedures
for extrapolation of the test results. The junction test specimen
isan ASTM Type IV dumbbell, which has a reduced area that
is % in. X 1.3 in. The advantages for this test include the
following:

e Itis performed on specimens from the finished pipe.

e Itisrelated to field failures.

e It is more sensitive to the manufacturing process than to
the basic resin.

e The well known RPM for data analysis can be applied.

On the other hand, some disadvantages are

e The thinnest part of the test specimen is often not the
junction but the liner on either side.
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http://www.nap.edu/14570

Performance of

Corrugated  Pipe  Manufactured  with  Recycled

Table 1. FL-DOT FM 5-573 test conditions.

Test Temp. Applied
(°O) Stress (psi)
70 650

80 650,450

e Only the thinnest part of the specimen experiences the full
stress.

e There is significant sample preparation stresses imparted,
especially in larger diameters.

e There are significant edge effects from the cutting die,
especially on larger diameters.

Test method FM 5-573 calls for the test to be run under three
different conditions of stress and temperature in deionized
(D.I.) water. These are shown in Table 1. Five replicates under
each set of conditions are tested.

The three sets of results are then analyzed by the RPM, which
has been used for many years on pressure pipe.

The test protocol also allows the tests to be terminated when
they reach the following conditions:

e Terminate at 110 hours for 80°C/650 psi.
e Terminate at 430 hours for 80°C/450 psi.
e Terminate at 500 hours for 70°C/650 psi.

These times were determined with the use of an average
slope of a number of stress-crack tests and POP.

The BFF Test

The BFF test uses a specimen, cut from a plaque, about
the size of the BAM specimen (4 in. 1 X 0.5 in. w). The test is
performed under the conditions of the FL-DOT durability
protocol (80°C/650 psi, 80°C/450 psi, 70°C/650 psi) in D.I.
water with a dumbbell shaped test specimen in which the ends
are twice as thick as the center to reduce failures at the grips.
The advantages of this test for testing pipe containing recycled
HDPE are

e The exposed surface area is about 5 times larger than the
FL-DOT specimen.

¢ The thickness is controlled so the stress is even throughout
the specimen.

e The specimen thickness (0.0040 in. to 0.0045 in.) means
flaws will have a greater effect than on thicker specimens.

e A wider and thinner test specimen means less edge and
cutting die effects.

e It is sensitive to contaminants found in PCR HDPE, like
particulates.
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However, this test will not be able to evaluate manufacturing
stresses like the FL-DOT test. A test that still holds promise
for that purpose is the ring stress-crack test (7). It could not
be used during this project because of the large variability in
pipe-wall thicknesses measured. However, there may be a way
to modify it, or test multiple sections from a full diameter that
would result in a valuable test for evaluating pipes containing
recycled HDPE. More time and funding would be required to
develop the concept into a valuable quality control (QC) or
qualification test.

Similarly, if the FL-DOT junction test could be performed on
wider test specimens, the results would be more meaningful.
However, this would require stress-crack testing devices that
were larger to accommodate a wider specimen and greater
loads. The FL-DOT junction test with a Type IV (as defined by
ASTM D638) specimen can be performed on most conven-
tional stress-crack frames.

These tests will be evaluated for use as a tool for predicting
the long-term stress-crack (Stage II) resistance of pipe-resin
formulations containing recycled PE.

The Long-Term Oxidation
(Stage lll) Resistance

At very low service stresses and after very long times, a PE
part can become oxidized and fail by many cracks forming
in a short period of time. This failure mechanism is known,
especially in exposed applications where UV initiates oxidation
or in potable water applications where higher concentrations
of chlorine can initiate oxidation. However, for typical buried
pipe applications the rate of oxidation and the extraction
oflong-term antioxidants are very, very slow. Over the past
20 years, accelerated aging results on PE stabilized with com-
mon additive packages such as Irganox 1010* and Irgaphos
168 have suggested that the service lifetime is easily in the
hundreds of years. Therefore, it is believed that as long as there
is some basic stabilization, Stage IIT oxidation is not likely to
occur in typical buried pipe applications. Specifications for
pipe resins containing recycled content can specifically state
that a particular stabilizer package be used. This can be verified
with an OIT test. The OIT test cannot identify specific additives,
but it can measure concentration if 1,010 and 168 are used.
These ingredients are two of the least expensive stabilizers
for PE. When used at levels of 1,000 ppm Irganox 1010 and

*The Transportation Research Board, the National Research Council,
the Federal Highway Administration, the American Association of State
Highway and Transportation Officials, and the individual states partic-
ipating in the National Cooperative Highway Research Program do not
endorse products or manufacturers. Trade or manufacturers’ names
appear herein solely because they are considered essential to the clarity
and completeness of the project reporting.
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1,000 ppm Irgaphos 168, the OIT value will be around 70 min-
utes and the pipe will be well stabilized.

Specifications

Ensuring consistent properties for blends containing recycled
resins will be challenging. There are a number of different
kinds of companies that will be involved once AASHTO allows
recycled use.

At the beginning of the process are the recycled-resin
suppliers. These companies specialize in locating, cleaning,
reprocessing, and selling recycled materials. Some are small
family-owned businesses that simply grind and clean recycled
materials while others are fairly sophisticated with auto-
mated cleaning and optical color sorting. And there are many
in-between. Some will be happy just selling reprocessed re-
cycled HDPE and others will want to prepare and sell fully
formulated blends directly to the corrugated pipe manufac-
turer. Next will be the compounders. This group may include
the recycled-resin supplier, but other companies with estab-
lished sources of sub-prime virgin resins will use their blending
and formulating technology to make fully formulated recycled
blends for direct sales to the corrugators. And, finally, some
pipe manufacturers themselves may want to prepare their own

blends and only buy high quality reprocessed recycled material
from the recycled suppliers. Because of this complicated way in
which recycled resin may make its way into AASHTO approved
pipe, there could be up to five different specifications.

First, one may need a specification for post-consumer recy-
cled, mixed-color reprocessed (PCR-MCR) HDPE in pellet
form. This will be used by compounders and corrugators to
ensure that they are receiving a consistent stream of material
from which to make recycled blends. Its focus will be mostly
on how well the material is melt filtered and how much
polypropylene is present, among other things. These are
believed to be important properties for good recycled material.

Then there may be two specifications for fully formulated
recycled content—containing blends. One will be for use in pipe
for AASHTO M252 and drainage applications and the other
for M294 applications. Apparently, these two applications are
different enough that a different quality and type of resin is
used for each one. These are necessary for the corrugators to
know what is being purchased to be converted to pipe.

Finally, there will also be two specifications—M252-Recycled
and M294-Recycled—for pipe made from recycled content—
containing resins. These specifications will include both resin
properties and the properties of the final pipe; all testing will
be conducted on the pipe or on samples taken from the pipe.
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CHAPTER 3

Findings

Phase 1—Recycled
Polyethylene Resins

There are many different types of recycled PE available.
One way to classify PE resins based on density is found in
Table 2. Notice that at the extremes of density one finds LDPE
and HDPE homopolymers. These were the first two types
of PE commercially produced. LDPE has the most branch-
ing and HDPE has the least. The others are all made by co-
polymerizing ethylene gas with other oi-olefins, which produces
small branches in a controlled manner. The o-olefins are
butene, hexene, and octene, which produce 2, 4, and 6 carbon
branches, respectively. The density is varied by the amount
of at-olefin added.

All of these types of PE are available on the recycled-resin
market. However, some are certainly more available than
others. The main subclasses for recycled PE are post-industrial
recycled (PIR) and PCR. There are also several different phys-
ical forms one can buy. PIR resins are often sold in their
bulk forms or the plastic parts may be ground into chips
and sold as regrind. PCR resins are sold as regrind chips, or
as a reprocessed resin (repro). Reprocessed resins are chips
that have been melted, filtered and pelletized. They are more
blended than chips, cleaner from the melt filtration step, and
in a better form to feed into an extruder.

There were about 50 different recycled polyethylene sup-
pliers identified and many were contacted for samples. A list
can be found in Appendix B, Section B.8.

Post-Industrial Recycled Polyethylene

This is a large category that includes scrap from processes
such as pipe, sheet, thermoforming, injection molding, blown
film, tubing, and more. This includes low density, linear low
density, linear medium density, and high density (homo- and
co-polymer). The molecular weight also varies from injection
molding grade (low molecular weight [LMW], high MI) to
thermoforming or blown film (high MW [HMW], low MI).
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There are certainly resins that would be appropriate for
incorporation into pipe available from the PIR market. How-
ever, there is a downside. PIR material is sold mainly through
brokerage firms and is commonly sold on a lot-to-lot basis.
This means that reliable and continuous waste streams are
not commonly found. Additionally, it is often in a bulk form
and/or co-mingled with different grades of PE. The result is
that the PIR material is used mostly in noncritical applications
by plastic processors who have the capabilities to accommo-
date different grades of PE.

Despite the limitations mentioned above, three PIR PE sam-
ples were received for evaluation in this study. Two [HDPE
and low-density PE (LDPE)] were provided by a re-processor
that also produces post-consumer polyethylene. The third
sample, medium-density PE (MDPE), was regrind scrap from
a manufacturer of geomembranes for landfills. Properties of
each of these recycled resins are found in Table 3.

Notice that each of these has stress-crack resistance (15%
NCTL) higher than most, if not all of, the current AASHTO
resins for pipe. They are also much higher in cracking resis-
tance than post-consumer HDPE. Therefore, these resins could
be useful for enhancing the properties of post-consumer
HDPE. They are also much lower in density, which would
limit how much could be used in a blend. Notice that the den-
sity of the low density material is actually higher than the den-
sity of the MDPE. This is due to the high level of inorganic
fillers displayed by the percentage ash. In fact, each of the three
density values are misrepresented because of fillers in the cases
of the HDPE and LDPE and carbon black in the case of the
MDPE sample. The density can be calculated from the yield
stress through the following relationship:

Yield Stress = 81,250 (Density )— 73,500
The calculated values for the HDPE, MDPE, and LDPE are

0.943,0.937,and 0.925 g/cm?, respectively. One can also correct
for the carbon black from the MDPE sample because each 1
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Table 2. Types of PE.

Common Name Type (ASTM D1248) Density (g/cm3)
LDPE (homopolymer) 0 <0.910

LLDPE (copolymer) 1 0.910-0.925
LMDPE (copolymer) 2 >0.925-0.940
LHDPE (copolymer) 3 >0.940-0.960
HDPE (homopolymer) 4 >0.960

Note: LDDPE = linear low-density polyethylene, LMDPE = linear medium-density polyethylene,

LHDPE = linear high-density polyethylene.

percentage of carbon black increases the density 0.0044 g/cm?.
This also produced a calculated value 0of 0.937 g/cm? for MDPE.

Post-Consumer Recycled High-Density
Polyethylene

This is a smaller category, in terms of different resins, that
includes primarily recycled bottles and high-strength shop-
ping or trash bags. The volume of good recycled bags is low
because the bulk density (volume/weight ratio) is low and the
high quality bags are usually contaminated with lower quality
LDPE bags. Additionally, the volume of plastic bags is shrink-
ing because their use is being legislated against in a growing
number of communities throughout the United States.

The bottles can either be natural or colored. The natural
bottles are most often the % to 1 gallon water, juice, or milk
jugs. They are made from HDPE homopolymer, which is a
resin with high strength and poor stress-crack resistance.

The colored bottles include liquid detergent, cleaners, sham-
poos, fabric softeners, and others marked with a number “2”

Table 3. PIR resin properties.

recycling code. The resin used in colored bottles is an HDPE
co-polymer which is not as strong as the homopolymer but
has better cracking resistance.

Both the natural and colored HDPE resins are available as
regrind (chips) or reprocessed (pellets). The reprocessed pel-
lets have the advantage of being melt-filtered during the pel-
letizing process. This is essentially one additional purification
step. The colored-bottle recycled resin contains a significant
amount of natural bottle in it. There is an increasing number
of recyclers who are separating the natural bottles from the
mixed-color bottles because the natural resin has significantly
higher value on the recycled-resin market. The difference can
be $0.10 per pound, or more.

Most of the samples found during this study came through
contact with the Association of Post-Consumer Plastic Re-
cyclers (APR).

Twenty-two samples of PCR HDPE were received from six
member companies of the APR and two nonmembers. The
samples included natural regrind (2), natural reprocessed (4),
mixed-color regrind (MCRG) (5), MCR (8), and three special

Resin Type

HDPE MDPE LDPE
Property Reprocessed Regrind Reprocessed
Density
(g/cm3) 0.970 0.942 0.952
Calculated
Density1 0.943 0.937 0.925
(g/em’)
Melt Index
(g/10 min) 0.32 0.66 0.80
MFR
(21.6/2.16kg) 101 46 34
% Volatiles 0.24 — 0.18
% Color 0.28 1.05 0.15
% Ash 3.69 0.05 3.75
Yield Stress
(psi) 3143 2631 1686
Break
Strain (%) 628 662 727
15% NCTL
(h) 104 >800 >300
OIT (min) 18.2 61.4 6.3

!'Calculated from the yield stress.
Note: MFR = melt flow rate; “—"" = no data available.

Copyright National Academy of Sciences. All rights reserved.
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blends labeled “mixed color plus” by project personnel. Two of
these are MCR with added high molecular-weight (HMW)-
HDPE to assist with processing, and to improve properties such
as impact strength and stress-crack resistance. The third is a
blend of mixed-color PCR HDPE with PIR HDPE.

These resins were made into plaques and characterized by a
variety of tests. The full test reports for these materials are
found in Appendix B, Section B.5. The results were originally
generated on plaques made from the “as-received” pellets. Test
results indicated that further blending was necessary to obtain
homogeneous material for characterization. This is reasonable
because single screw production lines are not as well suited for
blending as a twin screw. If the recyclers were to improve the
mixing on their extruders, the changes could cause more
thermal-oxidative degradation to the material. Therefore, the
MCRGs and reprocessed materials were further blended and
recharacterized. In general, the regrind samples received were
melt-blended at least twice and the reprocessed samples were
further blended at least one additional time.

PCR Natural Resin

The average resin properties for post-consumer natural
recycled HDPE have been summarized in Table 4. TRI-repro
was a blend of the others made in-house as an “average” sam-
ple. A milk bottle was also tested for comparison.

Observations from the summary table include the following:

e The density and melt flow values are higher than typically
found for AASHTO pipe resin. AASHTO pipe resins are
typically around 0.950 g/cm® and 0.15 g/10 min. The ash
content is low. This demonstrates that recycled natural resin
is very clean.

Table 4. Post-consumer natural recycled
PE properties.

Resin Type
Property TRI Milk

Repro Bottle Average Range
Density
(g/em®) 0.960 0.958 0.957 + 0.002 0.955-0.960
Melt Index
(g/10 min) 0.79 0.74 0.67 0.1 0.57-0.81
MFR
(21.6/2.16kg) | 71 75 878 7696
% Ash 0.06 0.04 0.11 £0.05 0.05-0.14
Yield
Strength 4523 4316 4402 =79 4304-4489
(psi)
Break
Strain (%) 365 114 15773 75-229
15% NCTL
(h) 2.0 5.4 3.7+1.6 1.8-5.7
OIT (min) — 23 16.5+7.5 9-27

Note: “—” = no data available.

17

¢ The high yield stress is due to the higher density. Yield stress
and density are linearly related.

¢ The percentage strain-at-break was low compared to virgin
materials (>500%). This property can be considered a flaw
detector, since every break in a tensile test occurs at a flaw.
These results indicate that the small amount of particles pres-
ent in the recycled result in early breaks. In turn, the flaws can
also be initiators of stress cracks in the resultant pipe.

e The 15% NCTL times are low, which is a result of the high
density and the fact that milk bottle resin is a homopolymer.

e The OIT values are indicative of stabilizer concentration,
but how much is there cannot be determined without
knowing the specific additive package and what the rela-
tionship between OIT and concentration is for that specific
package. However, the data do indicate that there is some
antioxidant protection remaining in the recycled HDPE.

The advantage of this recycled resin is that it is clean and
strong; the disadvantages include the cost and the poor crack-
ing resistance.

PCR Mixed-Color Resin

Most of the samples obtained fell into the category of
PCR mixed-color resin. There were 15 different samples from
eight different suppliers. There were five regrind resins and
10 reprocessed resins. And, of the 10 reprocessed resins, three
had something else added. Suppliers 2 and 3 sent samples with
added HMW PE to improve processing and stress-crack resist-
ance. Supplier 5 sent a product with additional PIRHDPE
added to improve its properties. Suppliers 1 and 3 sent samples
of regrind resins at different times, so the consistency of their
products could be examined.

The average properties of all the mixed-color resins received
are found in Table 5. This table provides a snapshot of the PCR
resins available in the first half of 2007. The sample called TRI
Repro 1 was a batch prepared in house on the twin screw
extruder. All the available mixed-color reprocessed samples
were combined to prepare 20 Ibs of resin that was basically
an average of the samples received.

There are a number of important observations from these
results:

e The density, melt index, and yield stress vary with the
amount of milk bottles present in the mixed-color waste
stream. The values are probably more consistent in 2010
than in 2007 because more processors are separating the
milk bottles due to their increased value over colored bottles.

e These resins typically have little color. In this case, all the
values were less than 0.4%, except one sample where the
manufacturer added 1.3%.

¢ The percentage ash in the products can be reduced by melt
filtration through a larger mesh size (smaller openings).
This, in turn, will improve the percentage break strain.

Copyright National Academy of Sciences. All rights reserved.
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Table 5. Post-consumer mixed-color recycled
PE properties.

Property TRI Repro1 | Average Range
Density

(g/cm’) 0.960 0.955 + 0.005 0.946-0.960
Melt Index

(g/10 min) 0.54 0.48 +0.10 0.37-0.64
MEFR (21.6/2.16kg) | 83 97+ 14 75-122

% Color 0.4 0.31 +0.32 0-1.3

% Ash 1.2 1.1+x0.3 04-1.5

% PP 5.7 3.6+15 0.8-6.3
Yield Strength

(psi) 3,685 3,728 + 218 3,327-4,037
Break

Strain (%) 46 90 + 81 9-302

15% NCTL

(h) 8.8 7.8+29 4.5-14.8
OIT (min) 12 13.6+72 9-39

e The percentage PP reported was typical in 2007. The aver-
age is closer to 10% in 2010, due to the popularity of 2X
and 3X detergent bottles. The percentage PP by weight can
be as high as 30% in the 3X bottles. The caps and spouts are
made from PP.

e The stress-crack values are typical for these products. Note
that the NCLS stress-crack times (F2136) are even lower
because the yield stresses are less than 4,000 psi. The NCLS
test assumes a 4,000 psi yield stress and loads the samples
at 600 psi, which is 15% of 4000. The load as a percentage
of the yield stress will increase for resins with yield stresses
less than 4,000 psi. For example, a sample with a yield stress
of 3,327 will be loaded at 18% of its yield stress during the
NCLS test.

e The OIT values show that some stabilizers are present,
although it is not possible to know what they are from the
results. That some stabilization is present, even after repro-
cessing, shows that the material is probably not affected by
the additional stress of reprocessing. The rather large vari-
ability suggests that either some reprocessors are adding
stabilizers, or additives are being consumed at different
rates by different reprocessors.

OIT vs. OlTemp

This has been a controversial issue for about 5 years now.
ASTM D3350 requires the OITemp test to be performed on
resins and that a minimum temperature of 220°C be obtained.
Other industries, most notably geosynthetics, have used the
OIT test for over 15 years to specify HDPE geomembranes.
There have been discussions about which one was most appro-

priate for different applications and there have also been mis-
interpretations about the meaning of the results.

In the OIT test (ASTM D3895), a small sample (~5.0 mg)
is maintained at 200°C in a pure oxygen environment until
the protective stabilizers are consumed by the oxygen and the
sample decomposes exothermally (it basically catches on fire).
The time it takes from the addition of oxygen to the onset of
oxidation is the OIT. It is known that in well-behaved addi-
tive packages, there is a relationship between the OIT value
and the amount of additives present in the sample (I, 2). It is
also known that the OIT value does not relate to the long-
term performance of the material. The test merely shows the
oxidation behavior at 200°C, which has little to do with real-
time aging at ambient temperatures. However, if one exposes
a sample to a condition that consumes additives (oven, chlori-
nated water, UV light) then the residual lifetime can be deter-
mined by the amount of OIT left after the exposure. This seems
to be a reasonable approach. It is known from assessments of
old geomembrane liners (3 — TRI, Confidential files) that as the
OIT value approaches zero, other changes can be seen such as
areduction in stress-crack resistance or change in melt index,
both signs of polymer oxidation.

The OITemp test has historically been used on scrapings
from the inside walls of thick-walled pipe after manufacturing.
The inside wall is exposed to more heat longer and is the first
place that will become oxidized during the process if adequate
stabilizers are not present. Therefore, when a sample shows
an OITemp value less than 220°C, that means it has been
degraded during processing. So, it really does not say how good
something is, but instead that it has not been made worse. That
said, there is a relationship between OIT and OITemp.

Figure 14 shows the relationship between OITemp and OIT
for 76 data points. The data includes eight PPI-certified virgin
corrugated pipe resins, two geomembranes, 21 PCR samples,
and 45 points from the Pennsylvania Deep Burial Project (13).

These results should settle the controversy. Since the rela-
tionship appears to be logarithmic, there will always be a larger
change in the OIT value for a given change in the OITemp
value. That means the OIT test is more sensitive and can dis-
tinguish materials better. Additionally, the OIT test is likely to
be more sensitive to long-term antioxidants, while the OITemp
is better suited to evaluate process stabilizers, since these are
made to be active at higher temperatures. For these reasons,
the OIT test will be used in the recommended specifications
for the use of recycled resins.

The Effects of Contamination

The types of foreign matter that may be found in PCR
HDPE include labels, paper, cardboard, dirt, aluminum foil,
adhesives, and other polymers like PP (from caps), ethylene
vinyl alcohol (EVOH), Nylon, PET or polyvinyl chloride

Copyright National Academy of Sciences. All rights reserved.
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Figure 14. Comparison between the OITemp and the OIT.

(PVC). There is also a new plastic called poly(lacticacid) (PLA),
which is derived from corn and is biodegradable. The recycled
HDPE may be contaminated with other grades of PE, like
LDPE, which could affect the cracking resistance. Finally, there
may be milk and detergent residue, which produce smoke and
odors during processing.

The foreign particulate matter can be removed during the
washing step at the recycler and filtered out during extrusion
by either the recycler or pipe manufacturer. However, the re-
cyclerswho produce reprocessed HDPE are more capable of this
because some of them already melt filter to 100—120 mesh
while the pipe manufacturers generally filter at a mesh size of
80 or below.

PP comes from bottle closures (caps) and is found in mixed-
color reprocessed HDPE at levels as high as 20%. When pro-
cessed, the PP will blend in with sufficient mixing, or be melted
and spread out in the final part. This could affect the behavior
of the pipe, especially the stress-crack resistance. The HDPE
milk bottle resin contains no PP because the caps are made
from LDPE. In fact, the recycled natural homopolymer (milk
bottle) is much cleaner than the mixed color.

The effects of contamination have been investigated three
ways. First, samples containing a known size and percentage
of angular sand were prepared to see how the sand affected
properties such as tensile elongation and stress-crack resis-
tance. These results will offer some guidance concerning how
much filtration to specify.

Secondly, two samples containing MCRG were prepared at
three levels of filtration.

And, finally, samples containing different amounts of PP
were prepared and evaluated.

The Effects of Particulates

Angular “playground” sand was obtained and sifted with
both a 100 mesh and a 120 mesh screen. The sand that passed
the 100 mesh, and retained by the 120 mesh was collected. The
sand particles ranged in size from 0.0052 to 0.0061 in. From
this material, a master batch containing 2.5% sand in Virgin
Resin 1 (VR1) was prepared. The 2.5% master batch was diluted
with more VR1 to produce samples of about 1.6%, 0.8%, 0.4%,
and 0.2% sand. The actual values measured by ash analysis
on duplicate samples were 1.61%, 0.79%, 0.41%, and 0.25%
respectively.

Compression-molded plaques were prepared and the break-
ing strain and the BAM stress-crack test were performed on
the samples. The BAM test is a stress-crack test without a notch
and is described in Appendix A, Section A.3.2. The results are
shown in Figures 15 and 16.

Notice that this size of sand particle has an extremely strong
effect on the break strain, even at alevel of 0.25%. The percent-
age break strain went from 468% to 148%, or to 32% of the
original value. This demonstrates that it’s important to keep the
particle size small and the amounts as low as possible.

The effect is similar for the BAM stress-crack test results.
Sand in the amount of 0.25% reduced the stress-crack resis-
tance to 62% of the original value.

The Effects of Melt Filtration

Two types of samples were prepared for this study. The
first was 100% MCRG and the second was 50% MCRG + 50%
Virgin MDPE. Each of these was melt filtered at three different

Copyright National Academy of Sciences. All rights reserved.
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Figure 15. The effect of sand on the break strain.

levels. It should also be mentioned that the two sample sets
were made with two different batches of MCRG HDPE.

The 100% MCRG was blended without filtration and also
melt filtered at 100 and 150 mesh.

The 50/50 MCRG/MDPE samples were melt filtered at 40,
100, and 150 mesh. The filtration at 40 mesh was to help the
material process better by removing larger particles that would
cause the melt strand to break.

The tensile properties were measured on the two sample
types. The percentage strain-at-break was chosen as the best
result to follow the effects of blending. Plots of the effects of
melt filtration on both types of samples are shown in Fig-
ures 17 and 18. Five replicates were tested for the 100% MCRG
and 10 were tested for the 50/50 MCRG/MDPE.

50

Both sets of results indicate that melt filtration dramati-
cally improves the properties of recycled HDPE and blends
containing HDPE. Notice in Figure 18 that the scatter in results
gets smaller with better melt filtration. This is important data
because tensile specimens always fail at a defect. The plotted
results clearly show that melt filtration removes defects. The
coefficients of variation (COV) (standard deviation/mean X
100) for the three results were 69%), 30%, and 10% with increas-
ing mesh size. A 10% COV is acceptable, even for virgin resins.
This is a direct result of fewer larger particles in the samples.

The BAM stress-crack test is usually performed at 80°C in
a surfactant (Igepal CA720) on a specimen without a notch.
It is basically a flaw detector. The results were similar to the
tensile results. Longer failure times were associated with higher
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Figure 16. The effect of sand on the BAM stress-crack resistance.
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Figure 17. The effect of melt filtration on the percentage break strain of

100% MCRG.

mesh size. The results for both sets of results are shown in
Figures 19 and 20. The tests run on the 100% MCRG were
at 70°C.

The results of these experiments revealed that the degree of
melt filtration is an important parameter for using recycled
materials. It appears as if filtration at a mesh size in excess of
100 mesh should be a minimum requirement. However, the
results of the BAM test did not show as much improvement
in the results with filtration as one might think. The reason
for this is found in the next section.

The Effect of Silicone Rubber

One of the advantages of the BAM test is that the fractured
surface can be examined to see where the crack started. Exam-
ples are shown in Figures 21 and 22.

The clear, rubbery material was identified as silicone rubber
by Fourier transform infrared (FTIR) analysis. The IR results
are shown in Figure 23.

Four different rubbery particles were tested, and they all
looked the same. It is not clear where the silicone rubber came
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Figure 18. The effect of melt filtration on the percentage break

strain of 50/50 MCRG/MDPE.
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Figure 19. The effect of melt filtration on the BAM failure time of
100% MCRG at 70°C.
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Figure 20. The effect of melt filtration on the BAM failure time of
50/50 MCRG/MDPE at 80°C.

Figure 21. BAM test fracture surfaces for failure times of 11 h (left) and 133 h (right) (unfiltered).
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Figure 22. BAM test fracture surfaces for failure times of 12 h (left) and 172 h (right) (100 mesh).
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Figure 23. Fourier transform infrared (FTIR) spectra for HDPE (top), the rubbery contaminant
(middle), and the best library match, silicone rubber.
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from, but it is known that the rubber bladder found in the caps
of some wide-mouth bottles is made from silicone rubber.
Rubber has been seen in ketchup, mustard, jelly, and dessert
topping bottles. Unfortunately, the rubber particles are so
flexible that they pass through the filter screens. However, it
is believed that the particles can be broken up by the screens,
so better filtration s