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This paper describes a study of the tensile behavior of post-consumer recycled high-
density polyethylene (HDPE) tested at different strain rates. The main goals of this study
are to experimentally characterize recycled HDPE and to propose a one-dimensional
viscoelastic phenomenological model able to yield a physically realistic description of
strain rate sensitivity and damage observed in tensile tests that can be used in engineering
problems. The material parameters that appear in the model can be easily identified from
just three tests performed at different constant strain rates. The results of tensile tests
conducted at different prescribed strain rates are presented and compared to model
estimates of damage progression, and show good agreement.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, concern over the environment has
grown and has become a matter of extreme importance,
especially in the industrial world. Polymers are one of the
raw materials most commonly used by manufacturing
companies, especially for packaging. High-density poly-
ethylene (HDPE) is one of the most commonly used plastics
worldwide. It is typically found inmilk jugs, plastic bags and
refillable plastic bottles. Recycled HDPE is used to manu-
facture plastic wood (lumber), recycled plastic furniture,
lawn and garden products, buckets, crates, office products
and automobile parts. HDPE has several properties that
make it ideal as a packaging andmanufacturing product. It is
stronger than standard polyethylene, acts as an effective
barrier against moisture and remains solid at room
temperature. It resists insects, rot and other chemicals. It is
easily recyclable and can be used repeatedly. Recycled HDPE
creates no harmful emissions during its production or during
its use by the consumer. In addition, HDPE leaks no toxic
chemicals into soil or water. Studies of the composition of
x: þ55 21 26295585.
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urban solid waste in Brazil have indicated that HDPE
comprises approximately 30% of the total collected rigid
plastics, second only to poly(ethylene terephthalate), or PET,
at 60% [1]. Recycling contributes to a reduction in resource
consumption and pollution. Landfill disposal is currently the
main issue concerning the disposal of plastics. The lack of
proper management for municipal waste can result in
improper disposal and has contributed to clogging of sewage
systems and flooding, favoring the proliferation of disease
transmitters and generating serious environmental prob-
lems such as pollution of rivers, springs and landfills. The
very low degradability and high volume of HDPE cause
waste plastics to occupy vast spaces for long periods of time,
shortening the life of landfills. Therefore, the study of
municipal solid waste and its components and the technical
and economic feasibility of recycling are of fundamental
importance to society [2–4]. In the last decade, the ability to
recycle plastics has increased significantly [5–8]. As
a consequence, the possibility of using post-consumer HDPE
to manufacture new products is an issue of great current
interest that is being studied bymany researchers. LaMantia
et al. [5] studied the influence of the number of recycling
steps on the structure and the mechanical and rheological
properties of HDPE, concluding that low residence time in
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the extruder leads to almost unaltered properties. Cruz and
Zanin [6] studied the need for re-stabilization during HDPE
reprocessing. Blends of HDPE were studied by Fernandez
et al. [7], who analyzed the rheological process, and by
Sanchez-Soto et al. [8], who studied mechanical properties.
Others have studied recycled HDPE as matrix composites
and have demonstrated excellent results [4,9–12].

The use of recycled HDPE has become commonplace;
therefore, better understanding of the behavior of this
material is necessary. The purpose of this study is to
propose a one-dimensional phenomenological damage
model for describing the viscoelastic behavior of recycled
HDPE in tensile tests for different strain rates at room
temperature. The model equations combine enough
mathematical simplicity to allow their application to
engineering problems with the capability of describing
complex nonlinear mechanical behavior (irreversible
deformations, strain rate sensitivity and damage observed
in tensile tests performed at different strain rates). The
material constants that appear in the model can be easily
identified from just three stress-strain curves obtained at
different prescribed strain rates. The model equations can
be obtained within the thermodynamic context described
in previous work by da Costa Mattos et al. [13–15].
2. Material and methods

2.1. Materials

Recycled HDPE from post-consumer plastic motor oil
containers were obtained from SEPAN Services (Niterói, RJ,
BR). The containerswere drained to eliminate any oil residue
and then washed with biodegradable soap. The containers
weredriedat 90 �C for3hours and then shredded intopellets.

The shredded recycled HPDE was compression molded
in a steel frame according to ASTM D 638-08 [16]. Differ-
ential scanning calorimetry measurements (DSC F3-Maia
Netzsch�) characterized the HDPE as having a melting
temperature of 137 �C and a specific density of 0.95 g/cm3.
Fig. 1 displays the recycled HDPE pellets in the steel mold
and the finished specimen.
Fig. 1. Recycled HDPE tensile spe
2.2. Methods

Mechanical tensile tests were performed using a
Shimadzu� AG-X universal testing machine with electro-
mechanical sensors for the control of longitudinal strain in
the active zone of the test specimen. Tensile tests at five
different prescribed engineering strain rates were performed
to quantify the strain rate dependency: _31 ¼ 7:25�10�5 s�1,
_32 ¼ 1:45�10�4 s�1, _33 ¼ 7:25�10�4 s�1, _34¼1:45�10�3 s�1

and _35¼7:25�10�3 s�1.

3. Results and discussion

3.1. Experiments

Fig. 2 presents the true stress vs. strain curves for
recycled HDPE obtained from the controlled strain tensile
tests at different constant engineering strain rates:
_31¼7:25�10�5 s�1, _32¼1:45�10�4 s�1, _33¼7:25�10�4 s�1,
_34¼1:45�10�3 s�1 and _35¼7:25�10�3 s�1.

The curves display a significant strain rate dependency
in which the maximum strength and modulus of elasticity
increase as the strain rate increases. Ductility decreases as
the strain rate increases, and higher deformation levels are
observed for lower strain rates.

3.2. Basic definitions and notations

Consider a simple tensile test inwhich the specimen has
a gauge length L and a cross section Ao and is subjected to
a prescribed elongation DL(t). The force necessary to
impose such an elongation at a given instant t is denoted
F(t). The so-called engineering strain 3and the engineering
stress s are classically defined as follows:

3ðtÞ ¼ DLðtÞ
L

; sðtÞ ¼ FðtÞ
Ao

(1)

The so-called true strain 3t and true stress st are defined
as follows:

3t ¼ lnð1þ 3Þ; st ¼ sð1þ 3Þ (2)
cimen mold and geometry.



Fig. 2. True stress vs. true strain experimental curves for different strain rates.
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From definitions (1) and (2), it is possible to obtain the
following relations:

3t ¼ lnð1þ 3Þ0expð 3tÞ ¼ expðlnð1þ 3ÞÞ 0 3

¼ expð 3tÞ � 10_3¼ expð 3tÞ _3t ; _3t ¼ _3

ð1þ 3Þ (3)

In the phenomenological approach adopted in this study,
an auxiliary variable D, called the damage variable, is
introduced. This auxiliary variable can have values within
the range 0 � D � 1 and is presumed to be related to the
loss of mechanical strength of the system due to damage
(i.e., geometrical discontinuities such as microvoids and
microcracks induced by mechanical deformation). If D ¼ 0,
the bar is considered “virgin,” and if D ¼ 1, it is considered
“broken” (meaning that it can no longer support mechan-
ical loading). By definition, the damage variable can be
directly related to the softening phenomenon in a tensile
test, and hence can be obtained experimentally. For a given
stress, the damage variable is defined as follows (see Fig. 3):

ð1� DÞsmax ¼ s0D ¼ 1�
�

s

smax

�
(4)

smax is the ultimate or maximum stress, which is
dependent on the strain rate. From definition (4), it can be
verified that during a tensile test, D ¼ 0 if the specimen
Fig. 3. Experimental identification of the auxiliary variable D in a tensile test.
exhibits strain hardening, and 0 < D � 1 if the specimen
exhibits strain softening.

3.3. Modeling

Assuming a fixed temperature, the following equation is
proposed to model tensile tests of recycled HDPE at a vari-
able strain rate:

st ¼ ½1� Dð 3t ; _3Þ� ½að_3Þ ½1� expð�b 3tÞ�� (5)

where the functions Dð 3t ; _3Þ and að_3Þ are defined as follows:

að_3Þ ¼ a1 lnð_3Þ þ a2 (6)

Dð 3t ; _3Þ ¼ cð_3Þ� 3t � 3
��2þdð_3Þ� 3t � 3

��
(7)

with

cð_3Þ ¼ c3 _33 � c2 _32 þ c1 _3þ b (8)

dð_3Þ ¼ d1 _3� do (9)

3
� ð_3Þ ¼ � 1

bð_3Þlnð0:02Þ (10)

h 3� 3
� i ¼ maxfð 3� 3

� Þ;0g, a1, a2, b, c1, c2, c3, d1 and do are
positive material constants. It is important to note that
_3¼ _3texpð 3tÞ. Equation (5) and auxiliary Equations (6)–(10)
form a complete set of constitutive equations.

This model is conceived for a given range of strain rates
_3min � _3� _3max. It is difficult to present a precise definition
of the limiting strain rates _3min and _3max. In the absence of
a precise physical definition, it is suggested that a range
from 7.25 � 10�5 s�1 to 7.25 � 10�3 s�1 be considered for
the strain rate.

3.4. Parameter identification

The values of all 9 of the material constants (a1, a2, b, co,
c1, c2, c3, do and d1) that appear in the theoretical model can
be determined from just three tensile tests at constant
engineering strain rates. These parameters are obtained in
2 steps. In the first step, the initial parts of the stress-strain
curves, where the specimen exhibits strain hardening and,
by definition, the damage variable is zero, are used. In the
second step, the portions of the stress-strain curves where
the specimen exhibits strain softening are used. Table 1

In the initial part of the test at a constant engineering
strain rate, the specimen exhibits strain hardening; there-
fore, by definition, the damage variable is zero. The true
stress st can be expressed as follows:

st ¼ ½að_3Þ ½1� expð�b 3tÞ�� (11)

It is possible to verify the following from Equation (11):

lim
3t ¼0

ðstÞ ¼ að_3Þ (12)
Table 1
Material parameters.

a1 a2 (MPa) b c1 c2 c3 do d1

1.8028 32.24 42.3 98,853 �3 � 107 2 � 109 1.71 443.94



Fig. 4. Identification of að _3Þ and bð _3Þ parameters from the true stress vs. true
strain curve.

Fig. 6. Recycled HDPE true stress vs. true strain curves for different strain
rates. Comparison with experimental results.
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Hence, að_3Þ is the maximum value of the stress st for
a given constant strain rate, as shown in Fig. 4.

From Equation (11), the following can be verified:

dst

d 3t

����
3t¼0

¼ að_3Þbð_3Þ (13)

Hence, if að_3Þ is known, bð_3Þ can be identified from the
initial slope of the true stress vs. true strain curve, as shown
in Fig. 4. The parameters að_3Þ and bð_3Þ can also be identified
using the least squares technique.

The values of the proposed model parameters að_3Þ and
bð_3Þ can be determined using at least two tensile tests with
different engineering strain rates; thus, the first part of the
model can be calculated. When the specimen reaches the
maximum stress, strain softening begins and, by definition,
the value of the damage variable is zero.

The damage vs. true strain curve can be obtained from the
true stress vs. true strain curve. Fig. 5 presents the damage
curves associated with the tensile tests shown in Fig. 2.

Fig. 5 shows that, during a typical tensile test, the value
of the damage variable increases slowly, and for a design
Fig. 5. Damage curves for tensile tests of recycledHDPEatdifferent strain rates.
specification it was decided to quantify themaximumvalue
for the variable D ¼ 0.2. No such material will be designed
to work beyond its maximum strength; therefore, for this
case, it was decided to model the material behavior until it
reaches 20% damage. Such a damage variable value can be
adopted as a quality limit for any design part. Fig. 6 shows
that the values of the damage parameters cð_3Þ and dð_3Þ
presented in Equation (9) can be determined from three
tensile tests with different engineering strain rates.

To determine the accuracy of the model, samples of
experimental results were cross-checked with the mathe-
matical model.

Fig. 6 presents the experimental and theoretical true
stress vs. true strain curves for different strain rates.

Clearly, Fig. 6 shows that the experimental results agree
well with the model predictions obtained using estimated
parameters. Due to the complexity of the material, small
discrepancies are observed when the experimental results
are compared to the model predictions. It is important to
emphasize that, although test results for 5 different strain
rates are presented, just 3 tests are sufficient to predict the
mechanical behavior of recycled HDPE.

4. Conclusions

In this study, the strain rate dependency of recycled
high-density polyethylene (HDPE) was analyzed. In addi-
tion, a simple continuum damage model is proposed to
describe the tensile behavior of HDPE. The strain rate
significantly influences the modulus of elasticity, tensile
strength and ductility of HDPE. The proposed model
equations combine mathematical simplicity that facilitates
their application to engineering problems with a physically
realistic description of the mechanical behavior of HDPE.
The intent of this study is to use this model formulation to
obtain themaximum amount of information possible about
the macroscopic properties of recycled HDPE from
a minimum number of laboratory tests, saving time and
experimental costs. Just three tensile tests at room
temperature are needed to determine the values of the
parameters of the model. The proposedmodel results agree
well with experimental results for different strain rates.
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